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SECTION 1.0

SU_._A RY

This final report presents the results of the Study of St_act_r_l

Bending Adaptive Control Techniques for I,_rge Lmmeh Vehicles oerformed

under NASA Contract NAS8-2OO_6. The system studied utilizes the

p1_ncip!es of spectral identification to identify the vehicle dSn_.amics and

uses the identified pare_.eters of the vehicle to compute the required control

compensa!ion for proper system performance and stebility. Computations are

per_orz.ed digitally, a_d the functions of identific_tion/compensation are

performed contimlously during vehicle operation. The study is devoted prim_rdly

to the problem of deco1_p]ing the elastic modes and the rigid mode of a large

booster of the Saturn class. A seeondar 5- portion of the study was devoted to

investigating the probler_s associated _th active bending control _sing a

single force point for control (main nozzles).

This report su_m.erizes the overall study objectives, describes the basic

spr:ctral identific._tion system and presents study results. In addition, an

apperd_x section is included which shows the pertinent equations of mction_

vehJ cle data, a brief description of control using digital computers, and

additional study results.

The study results include the stebility and trajectory analyses as well

as the modifications to the basic spectral identification which were necessary

to satisfy the system requirements. The stability analyses results are
j- -

presented in the form of gain-phase plots and were performed for three f]_ ght

cases--8 sec, 78 sec and 1.{7 see after launch. Satisfactor 3" stability has

been achieved for all cases with the complete spectral identification system

opera tire.

The trajectory results cover the complete first stage and show the

d_m_mic behavior of the .identification system and the ability of the vehicle

to fol!cw the trajectory in the presence of atmospheric disturbances and

instrument noise. Toe traJecto_ies are pitch plane digital si_mlations from

O sec to 157 sec with the digital compensation and frequency identificnbion



system functionally mechanizedin the study as they would be in a digital

control computer. The results indicate the capability of the system to

provide stable control of a vehicle with wide margins of uncertainty in the

vehicle dynamic and flexibility coefficients.
l.l INTPD]]]CTION

The effective size of a boost vehicle designed for a space m_ssion

is measured by the usable pa3qoad pounds that can be placed ]n orbit.

The major positive contributor to payload pounds is the weigh%, and

efficiency of the rocket propellant. The major negative contributor

to payload pounds is the weight of the structure reqnJ red to hold the

propellant, engines and payload together. The best boost vehicle design

thus minimizes the structural weight. Minimum strmcture re_vults in

increased vehicle flexibility (i.e., ability for the vehicle to bend).

Increased flexibility has an adverse effect u_on the perfon_ance of the

attitude control system.

The purpose of the attitude control system is to measure the

direction of vehicle travel and to maintein the direction desired by the

_lidance system in a m_nner that _dll not 8estroy the vehicle. A boost

vehicle is similar to a long rod which bends in two ways when forces are

placed upon it. The first is a steady state bend equivalent to the sag

in a rod when it is supported horizontally at both ends. The second

way is an osci]lator-y bend which wo_1!d be exhibited by the rod if a

weight were to be dropped on it while horizontally suf)perted. This

oscillatory bending vrill tend to @Ae out by itself unless it is being

continnally forced and excited. The control system in maintaining p_per

be_ding is continually applying forces to the vehicle. The control system

must be designned so that in continuaily applying forces to the vehicle

it does not also continually excite the bending in a manner to increase

bending deflect]c_ns and ultimately destroy the vehicle. The attitude

of the vehicle is measured by an instr_iment ri}_dly attached to the

vehicle structure. The sensor measures not only the vehicle attitude but



also the local vehicle bending at the sensor location. _he attitude

control forces computed from the sensor output are thus partially

determined by the bending magnitude at the sensor. Factors depending

upon the relative bending direction between the sensor locstions and the

attitude control Force point, plus computational delays in computing the

attitude control force magnitude from the sensor output determine whether

the applied force _II tend to increase or decrease any bending that may

exist. The effects of co_putational delays are directly dependent upon

the oscillatory frequency of the bending.

A normal control system for a flexible vehicle wiil not allow high

frequencies to pass through to the force point, thus eliminating the

reinforcing of high frequency oscillatory bending modes. Computational

delays kill be so designed that the low frequency oscillatory bending

modes are suppressed by the control forces rather than reinforced. With

very large and very flexible vehicles the normal ccntrol system design

cannot be achieved. With very flexible vehicles the bending oscillatory

frequencies become low enough that even the higher modes cannot be

filtered out without detrimental effects upon the attitude control. With

large vehicles it is impossible to predeter_kine the bending oscillatory

frequency to the accuracy required to adjus+, the computational deleys in

a manner to achieve guaranteed stable control.

A method of obtaining stable control under these adverse bending

conditions would be to accurately measure the bending frequencies during

flight and place notch filters in the control system at these frequencies

so that just the bending frequencies are inhibited from contributing

to the attitude control force. Even with perfect identification of the

bending frequencies and notch filters tuned to these frequencies the

vehicle vrill still bend as it is excited by forces other than the attitude

control forces. Since this is the case, the sensor output will in general

contain signals representative of the oscillatory bending even with

perfect control system notch filtering. If the power spectral density of

3



the sensor output is measured there would be expected peaks at the

bending frequencies. It is the measurement of these peaks and the

determination of the frequencies which are used in flight to detervm'ine

the bending frequencies and tune the notch filters.

This report shows the results of an inw_stigation _.,_herethe Spectral

Identification Adaptive Control System was applied to a realistic large

launch vehicle in a complete closed loop trajectory simulation with

bending frequencies changing and initial frequency uncertainties. The

vehicle was subjected to reai5 stic winds and gust inputs. Appendix 6.1

gives a detailed development of the spectral filter amplitude response

plus a discussion of the major parameters that afffected the development

of identification system as used in the study.

Appendix 6.2 contains a brief description of digital control systems

and analysis techniques applied in the study of the digital control system.

This section should be of particular interest to those unfamiliar with

digital control systems.

Appendix 6.3 is a vehicle description including the equations of

motion plus a list of vehicle data for all 2h flight c_ses. The vehicle

used is _[odei Vehicle No. 2 (see Figure I) which was developed by NASA

to represent any large flexible space vehicle (similar or larger than

the Saturn V) but not intended to represent any specific vehicle.

h



SECTION 2.0

STUDY OBJECTIVFS AND GROU}gD RULES

The objectives of the study were to:

]. Design a spectral identification system to achieve mini_n_m

coupling between bending modes and short period.

2. Provide basic system stability.

3. Achieve a practical mechanization of the final system.

Ij. Demonstrate the Spectral Identification Adaptive Control

System in a complete closed loop time varying trajectory

simulation, inciiJding adaptive features working with

ve_icle bending frequency changes in combination with

realistic wind and gust inputs.

The study ground m_les were:

I. The study is based on _del Vehicle II data received from

George Marshall Space Flight Center, Hnnts_dlle, Alabama.

2. The study is restricted to the pitch phase.

3. The study is restricted to the first stage.

h. Slosh d_m_mlics are included in stability analyses.

5. The d3mamics include the short period mode, three flexible

modes, engine compliance, sensors, actuator and fuel slosh.

6. It is assumed that the bending frequencies are not restricted

to a prescribed frequency band, but a total b_nd_,idth is

defined which includes all bending modes of interest.

5



SECTION 3.0

DETAILED DISCUSSION

3.]

3.1.1

SPECTRAL IDENTIFICATION ADAPTIVE CONTROL SYSTF_

The Spectral Identification Adaptive Control System includes a

conventional short period control system _ere the attitude command is

summed in _e proper ratio _th the output of an attitude gyro and attitude

rate gyro. This composite error signal is filtered by a short pe_od

compensator and then filtered by three notch filters whJ ch eliminate the

Ist, 2nd and 3rd bending mode components from the error signal. The output

of the final notch filter is used as a corn,land to the deflection of the

main thrust nozzles. In order that the notch filters remove the bending

they must be tuned to the bending frequencies. The bending frequencies

are initially uncertain due to uncertainties in the vehicle dsmamics and

change during the trajectory as propellant is expended. In order to

insure that the notch filters are tuned to the bending frequencies the

bending frequencies are identified during the flight.

FREQUENCY ID_JTIFICATION SYSTEM

The bending frequency is identified by placing 2h spectral

filters tuned to 2h frequencies over the expected frequency band of

the first three bending modes. The frequencies of these filters are

given in Table I. n is an integer associated with each filter, m
n

the number of .01 second sampling periods in 1/2 period of the tuned

frequency and w the tuned frequency in radians per second. The
n

output of each spectral filter is an approximate measurement of the

energy in the input signal at the spectral filters' tuned frequency.

The input signal to the spectral filters used in this s_idy is derived

by subtracting the output of _{o rate gyros_ one mounted in the

instrument compartment and the other in the interstage region between

the first and second stage. In a previous study a single rate gyro was

used as the spectral filter input sensor ,__th adequate system performance.

In the selection of the spectral filter input sensor care _ast be

exercised to insure that an effective null point on any bending mode

to be identified does not exist at any time _ring the flight.

6



_J

n m _ ra_/sec
n n

1 22 lt_.28

2 2_4 13.09

3 26 12.083

4 28 1i.22

5 30 10.472

6 32 9.81

7 36 8.73

8 4o 7.85

£ 44 7.14

io 48 6._

11 54 5.82

12 6o 5.24

13 66 _I.76

14 74 J4.25

15 82 3.83

16 92 3._I

17 I00 3•]J_

18 112 2.8

19 124 2.53

20 138 2.28

21 15_ 2.04

22 170 1.85

23 188 1.67

24 208 1.51

Table I. Spectral Filter Tuned Frequencies



The operation and analysis of a spectral filter is thoroughly

explained in Appendix 6.1. A spectral filter output, A, is
determined by the solution of the equations

t + ip

;°s. --- (-I)i Ein(t)dt
l t

o

(1)

t + ip/2 t + ip

ci--- t (-1) Ein(t) dt + t +ip/2(-1 Ein(t) dt
o o

(2)

u. =s. + (3)I l Si-I

vi - ci + ci_l (h)

1 r.U. (5)s
=P_ i=l l

L

c--_ z v. (6)
pk i= 1 I

A _ S2 + C2 (7)

Descriptively the solution of these equations is: S. is the integral
l

over I/2 period (p) of a square wave ke1_al times the spectral input

signal with the kernal phased to change from -I to +I at to . Ci

is the integral of the square wave ker_al times the spectral input

signal with the kernal phased to change from +I to -1 at t + p/2.
o

The kernal used in detenmining Ci is in quadrature _rith the kernal

used in determining Si. U.I bcing the sum of Si and Si_ 1 is thus

the integral of the kerns! times the spectral input signal with

the integration period a complete pel__od of the spectral filter

tuned frequency. A value of U. is computed for each half period
1

time point however. V. is equivalent to U. except computed using
l i

the quadrature kernal. S is the sum of Z past values of U. times
l

8



a normalizing constant which removes the normal decrease in an

integrator output with increase in input frequency. C is equivalent

to S except computations are made using V. instead of U.. The
I 1

total spectral filter output is then computed by taking the sum of

the squares of S and C. Figure 2 is the output _mplitude of a

spectral filter as the input frequency is varied. The amplitude is

plotted versus normalized frequency, rj commuted by dividing the

input frequency by the tuned frequency. The soectral filter response

is dependent upon the phase relationship between the input frequency

and the square wave. Figure 2 shows _o curves, one drawn with a

continuous line and the other with a dashed line. These two curves

represent the extremes in spectral filter gain as the input signal

phase changes. The integration period was 5 periods (i.e., _ = 9).

Since there are 2_ spectral filters there are 2_ values of A

computed which will be distingnlished from each other by the subscript

n (i.e., An ) corresponding %o the entries in Table I. Because the

spectral filter output smplitudes should be greatest when the spectral

filter tuned frequency is near a bending frequency amplitude, peaks

in the A array are used to determine the bending frequencies. The
n

fo!!o'_dng step by step procedure is 11sed in deteri_ining the bending

frequencies.

I. All values of A smaller than a set of resolution values
n

are set equal to zero. This is done to eliminate the identification

of any peaks if the total bending activity is very low. Under the

conditions when bending activity is low and resolution levels are not

present, frequency identification vrill be based mostly uFon system

noise. This can allow the notch filters to become detuned enough to

produce unstable bending. The bending activity immediately picks

up and proper identification is made before the vehicle loads are

exceeded; however, the total bending activity is greater than when

the resolution levels are set.

9



2. The three largest peaks are determined from the complete

array. A value of A is a peak only if A > and A >An n n An-I n An-2

and An > An+l and An > An+2' i.e., An is a peak only if it is larger

than two values of A on each side of A . In general the amplitude
n

of the peak associated with the first bending mode is larger than the

peak associated with the second mode which is in turn larger than

the peak associated with the third mode. It is not uncom_mon to

have several spectral filter amplitudes in the vicinity of the first

mode frequency be larger than any other of the spectral filter

amplitudes. If An were to be compared wilh only a single spectral

filter output on each side of itself there would be at times a

situation where An+ 1 was less than An and An+ 2 in the neighborhood

of the first bending mode. In this case typically An+ 2 would be

identified as a peak along with An and the peak at An+ 2 would be

larger than either the second or third bending mode peaks. The

and would both be identified andfrequencies associated with An An+ 2

thus two notch filters would be placed in the vicinity of the first

bending mode. This is eliminated when two values of A on each side

of the peak value are required to detgrmine a bending mode. Since two

filters are required on each side of the peak filter to determine a

peak, the two filters on each end of the array (i.e., AI, A 2 and

A23 , A2h) constitute a special case. Filters A 1 and A2h are never

candidates for a peak while a peak at A2 exists if A2 > A1 and

> and
A2 > A3 and A 2 > A4 and a peak exists at A23 if A23 A24

A23 > A22 and A23 > A21. If more than three peaks are identified only

the three largest pe_ks are considered legitimate. With three peaks

identified the peaks are arranged in ascending orders of n and

tentatively associated with the 3rd, 2nd and I st bending modes,

re spe ctively.

IO



3. If less than three peaks are identified special processing

_nlst be performed to dete_ne _ith which bending modesthe peaks

are associated. The values of n for each rood% that were deter_lined

the last time an identification was madeon that mode, are compared

with the present values of n. The present identified peaks are then

associated with the bending modewhich in the past identification

had the nearest n value to the present n value.

2. At this time O_ I_ 2 or 3 peaks have been identified and

tentatively, in each case_associated with a bending mode. A further

test is madeto determine if the identification is acceptable. It is

kno_mthat for a real vehici% except at the tize of stsgingj the

bending frequencies change in a more or less continuous manner.

For this reason for each modethe present identified n value is

comparedwith the previous n valne associated with that filter. If

the difference between the present and past n val_es is greater

than 7 the presently identified peak is rejected as being unacceptable,

_. A further test is m_deso that the changebetween the

present value of n and the past value of n is limited to be no greater

than 3.

6. The vehicle bending modefrequencies are more or less

harmonically related to each other within a tolerance band. This

relationship is used to keep the modeidentifications separated
within the tolerance band. The ratio of w at the second bending mode

n

and w at the first bending mode is compared _ith a fixed constant
n

such that if the ratio is less than the conshantj the second mode

identification is rejected. A second test is made between the first

and third mode with the third mode identification being rejected when

the test fails.

11



7. At this time a frequency is computedfor each identlf_d
modefrom the formula

An_1 Wn_ 1 + A w +
n n An+l Wn+l (8)w =

FI A +A +A
n-I n n+l

8. w for each mode is filtered to remove high frequency noise
FI

on the identified frequency by the formula

WTi = .5 WF_q + .5 WTi , (9)
n n n-1

WTi is then used as the frequency to tune the notch filters.
The co_lete process is a rather complicated procedure though

much has been done to reduce the computer speed requirements. At a

.O1 second s_pling rate the integrations of equations I and 2 are

performed using a rectangular integration algorithm. Also at .O1

seconds testing is made to determine if the time to ÷ip/2 or to + ip

has arrived (i.e., the upper _ntegration limits). If the upper limit

integration time has not arrived th_s is the only computation for

each spectral filter that is done at the .Of s_unDling rate. h%en the

upper limit integration time t + ip/2 on the first integral in
o

Equation (2) arrives, a change in sign of the kernal is _de. 1_%en

the upper limit integration time t + ip arrives for any spectral
o

filter the computations of U i and V.I are _ade and S.l and C.I for that

spectral filter reset to zero. At a s_mpling rate of .I,II seconds

the rest of the comp_tations and testing to dete_nine w T is made and

notch transfer functions changed.

Special considerations are required when the identifiers are

and C. are setstarted at launch. All past values of Ui, Vi, Si I

equal to zero. The wT frequencies are _nitiaiized to the expected



launch bending frequencies. A time long enough so that the first

i0 spectral filters can compute their first values of C. and S.
1 i

(.58 seconds) must elapse before any identification of a new frequency

is attempted and then only the third mode frequency. A time long

eno_Jgh for the first 15 spectral filters to obtain a complete C.
i

and S. comoutation (.82 seconds) elapses before the third and second
1

bending modes are allowed to be identified and total of 2.08 seconds

eiaoses before all three modes are identified. In that initially

the su_nations of U. and V. do not contain a total of 9 (the value
i i

of _ used in the system) terms, the nor_aiizing constant for

computing S and C is adjusted for each spectral filter.

Figure 3 sho_s the frequency identification performance for sn

ideal signal input of the form

F(t) = B1 sin _I t + B 2 sin w2 t + B 3 sin _3 t

where B1 = B2 = B3 and the frequencies (ml, '_2 and _3) change linearly

with time as shown by the solid lines in Figure 3. Of major system

importance is the initial response of the identification system from

its initial setting to the actual bending frequency. The response

time constant of the initial identification is dependent upon the

actual frequency being identified plus the relative amplitudes of the

three bending modes. Because of the relative wave lengths the third

mode should be identified before the second mode which in turn should

be identified before the first mode. This is dependent upon the

relative bending amplitudes of each mode since the identification is

based upon relative mmplitude measurements. More rapid identification

can be expected of a mode having a larger relative amplitude.

Figure h shows the time history of the identi¢ied frequencies

in an actual trajectory run for the time period from I0 to _pO seconds.

The trajectory was pitch plane _¢ith no wind disturbances. The

expected bending frequency was initially set 2_, below the kno_cn

open loop bending frequency to determine the starting characteristics.

The solid lines represent the known open loop bending frequencies.

The closed loop bending freq_Jencies are not known b_t should be close

to the open loop frequencies. Poor identification on the third mode

is due to the third mode being fairly unexcited.
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A study of the required computer speed and size to perCorm the

identification and control computations was not made during the study,

however, making rough estimates based on previous studies and computer

sizing experience indicates a computer m_mory size of 2000 words with

a 5 _s add time and a 16 bit word length. This estimate should be

verified by a computer sizing study. The physical size of a flight

computer of this capacity and speed would be smaller than I/2 cu ft.

A more comp!ete description of the identification system is

g_ven in Appendix 6.1.

i4



3.1.2 CONTROL SYST_ STABILITY ANALYSIS

The basic vehicle pitch control system is sho_n in Figure 5.

The system feedback is composed of attitude position and attitude

rate. This signal is fed through a short period compensation and 3

notch filters tuned to the Ist, 2nd and 3rd bending mode frequencies.

A discussion of digital conLrol systems and notch filter design is

given in Appendix 6.2. Several basic control system designs were

made as the study progressed. These designs followed each other in

a natural progression as additional insight into the total system was

obtained with each individual control system studied.

The oroblem of designing a best compensation configuration

for Model Vehicle II (Appendix 6.3) which is compatible with frequency

identification adapt,ive loop and the uncertainty factors associated

_ith the vehicle data requires a series of tradeoffs which depend

directly or indirectly on the system considerations listed below.

i. The level of uncertainty associated with the vehicle data_

especially bending mode Frequencies, mode slopes and mode shapes.

2. The typical valiation of all of the vehicle parameters with

trajectory time.

3. 'lhe required trajectory following capability, i.e., the

required short period control frequency.

4. Vehicle structural load considerations.

5. The speed and accuracy of the frequency identification system.

6. The digital computer speed and resolution required for

system mechani zs tion.
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A major influence in achie_dng good stability design is the

placement of the poles which are required to generate the notch

zeros. In the first confi_ir_tion these poles were used to obtain

a significant ga'in margin on the third bending mode. This was done

because: I) third mode identification was expected to be poorest

because of sampling, 2) the instr_nent locations chosen canse third

mode instabilities, 3) with the third mode gain stabilized higher

bending modes which were not included in the stability analysis

should also be gain stabilized and offer no problems. Table II gives

the control system parameters for what will be called Compensetion

Confi£_iration #I. In mechanizing the control system the notch filters

are dc gain normalized, while the short period filter is not.

Figures 6, ? and 8 shc_ the open loop gain phase of the system at 8,

78 and I_? seconds, respectively, with the notch zeros perfectly tuned

to the open loop bending frequencies. With the perfectly tuned

notches the I st bending mode is nhase stable with 120 ° of phase margin

at t=8 sec which degenerates to only 20 ° of phase margin at I,_7 sec.

The second and third modes are al_ays g_in stable _th about 9 db

on both of them at _ sec and _mproving to i_ db on the second mode

at I%7 sec and %2 db on the third mode at I{? sec. The short period

frequency is lower than desired, starting at about ._ rad and

remaining at this value "Jntil late in flight where it moves to about

.6 radians. The main cause of the low short period frequency is the

poles which must be mechanized with the notch zeros. In order that

these poles themselves do not go unstable they must have a damping

much greater than the notch zero damping. At a lower frequency mlch

as the short period the overall effect of the notch (including both

its poles and zeros) is to produce phase lag. This reduces the

short period frequency that can be maintained with an approximate

6 db short period high frequency gain margin.
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Sampling rate

Rate Gain

Short Period

Zero

Pole

I st Mode Notch

Zero d_ping

Zero frequency

Pole damping

Pole Frequency

2nd Mode Notch

Zero damping

Zero frequency

Pole d_nping

Pole frequency

3rd Mode Notch

Zero damping

Zero frequency

Pole damping

Pole frequency

Loop Gain

0 sec to 112 see

112 sec to lhh sec

lhh sec to 157 sec

.I sec

2.5 sec

.6 rad/sec (Z- .9h17)

2.h rad/sec (Z- .7848)

.025

WTl_

.5

2.5 ra_/sec (Z- .8622 Z J .191)

.05

WT2*

.7

3.0 rad/sec (Z" .792 _ J .175)

.o5

_T3*

.7

6.5 tad/sac (z- .559 + J .3036)

1.hO6

.887

.4t5

_dentifled frequency

Table IY. Compensation Configuration #I
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In Compensation Cmnfiguration #I the most critical point is

the low phase margin on the first bending mode at 157 seconds. It

is not possible to identify the exact bending frequency, pl_s it is

not the open loop but the closed loop bending frequency which is

being identified. Figure 9 is a gain phase of the 157 sec case

using Compensation Configuration #I with the notch zero tuned 2% high,

i.e., at a frequency 1.02 times the open loop frequency. This plot

shows an unstable first bending mode, in fact the phase margin point

has moved left by aoproximately hO O indicating from the original 20°

phase margin that the first mode identification at 157 sec :_ill have

to be within 1% at the high side. Narrow tolerance b_nds are more

acceptable on the high side rather than the low side because the

natural tendency of the bending modes is to increase in fFequency

during the trajectory. The identification syste_n has a nlnnber of

lags b_lilt into it so that it normally will identify a frequency, which

is lower than the frequency occurring.

A ;_uch more important question must be answered in determining

the absolute stability of the configuration in conjunction with the

frequency identification system. If the identification system is

operating perfectly it will identify the closed loop bending frequency

and move the notch zero to this frequency. In moving the notch zero

the control system is changed, which in turn changes the closed loop

bending frequency. At some place a null point will exist where the

notch zero frequency and the closed loop bending frequency are

identical. The stability question that then arises is "Is the

system stable when operating at this null point?" If the answer

to this question is no, the configuration is unacceptable. Figure 8

is a plot of the notch filter frequency w versus the closed loop
o

bending frequency _Q for the first bending mode of the 157 sec case

using Compensation Configuration #I. This curve is divided into
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t_Toparts, one part representing a stable first bending mode for

the notch zero at the indicated frequency and the other part an

unstable first bending mode for the notch zero at the indicated

frequency. Also on the plot is a line representing the locus of all

possible null points (i.e., w = w_). On this partic_lar plot theo

null point is on the unstable part of the curve. Thus Compensation

Configuration #I is an 1_nacceptable control system. The other flight

cases and bending modes were checked in the s_me manner. The other

modes and flight cases do not result in instability even when the notch zeros

are detuned by 10%. If this unacceptable effect is to be eliminated,

a change in control system values must be made. The control system

parameters which would be expected to have the greatest effect upon

the first mode stability are the first mode notch filter parameters.

If a control system parameter such as the notch zero damping were

changed, then the cu_e of Figmre!O would move to a n_v position,

where possibly the null point would be on the stable portion of the

curve. Figure ll shows two curves, one is the notch filter frequency

at which the boundary between the stable and 1:nstab!e region occurs

versus the notch zero damping. The other curve is the frequency of

the null point verslls the notch zero d_mmping. The c_jrve shows that

for dampings of .018% or less the null point will be in a stable

region. Figure lO is a gain phase of the 157 sec case with the notch

zero t_ned to 2.9h2 radians/sec which is the frequency at which the

null point occurs. The gain phase shows the first mode is unstable

verifying Figure IOand Figure II at .02_ damping. _igure II shows

that with zero damping the null point is in a stable region. Figure 12

is a gain phase of the system with zero damping and the notch tuned

to the null frequency of 2.889 radians/sec. With zero damping on

the notch zero the marginally stable point occurs when the notch

is tuned to 2.922 radians/sec. This is shown by the gain phase at

Figure !_.
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A second p:_rameter :¢nich should have significant influence

upon the first bending mode stability is the frequency of the first

bending mode notch pole. Fig_re 15 shows the null point and the

boundary between stable and unstable region for values of the first

mode notch pole frequency. The nnll point enters a stable region

as the first mode notch pole frequency is raised. A gain phase of

the system with the first mode notch pole frequency raised to

3.5 rad/sec and the notch zero tuned to the null frequency is shown

in Figure 16. ?he gain phase confirms the stable operation indicated

by Figure 15. Figure 17 shows the gain chase of the same system

except the first bending mode zero is set at the marginally stable

point of 2.9912 radians/sec. The gain phase plot shows marginal

stability.

This analysis indicates a better system from the standooint of

first, mode stability would be achieved if the first mode notch pole

frequency were made 3.5 rad/sec and the notch zero dm_oing set at

zero. Fi_ire 18 is a gain phase of this system with the notch zero

perfectly tuned to the open loop bending frequency. A point of

primary interest is still the accuracy of identification required.

Fignlre 19 and 20 are gain phase plots of the smme system with the

notch zero frequency tuned 3_ low and 3_ high. The 3_ low case is

stable but the 3_ high case is unstable thus, the first mode must

still be identified better than 3% on %he high side.

If the design of the original system were made such that a

greater phase margin were maintained on the first mode during the

entire trajector"y the effects of the unstable null point co_Id be

avoiderl. This was done in designing Compensation Configuration #2.

The control system parameters associated with this confiL_aration are

given in Table III. In thts configuration all of the notch pole

frequencies have been raised and the short period lead-lag further

separated. Figure 21, 22 and 23 are gain phase plots of this system

with the zeros perfectly tuned for the three flight cases at t=8,
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S&_pling Rate

Rate Gain

Short Period

Zero

Pole

Ist Node Notch

Zero damping

Zero frequency

Pole damping

Pole frequency

2nd Mode Notch

Zero damping

Zero frequency

Pole damping

Pole frequency

3rd Mode Notch

Zero damping

Zero frequency

Pole damping

Pole frequency

Loop Gain

0 to I12 sec

112 sec to lhh sec

ihh sec to 157 sec

.I sec

2.0 sec

•h rad/sec

2.8 rad/sec

.025

TI

.5

3.625 rad/sec

.025

T2

.7

3.625 rad/sec

.o25

WT 3

.7

5.0 rad/sec

2.

1.25

.64

*Identified frequency

Table llI. Compensation Configuration #2
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78, 157 sec, respectively. As would be expected by increasing

the notch pole frequencies and spreading the lead-lag, there is a

reducSion of the gain margin at the 2nd and 3rd bending modes.

This is most significant at the 8 second flight case where the

margins are the narrowest. The first mode phase margin at 157 sec

has been increased to almost 80 ° in comparison with the 20 ° for

Col_pensation Configuration #I. This configuration allows a 5%

en-or in frequency identification on all modes except the first

bending mode at 157 sec flight case where better than 3% error is

allowable. _igure 24 through 4! show the gain phase for the 8, 78,

and 157 second flight cases with the notch zeros tuned 5% high and

5% low for each mode except the Ist mode at 197 see where only a

3% error is sho_rn. All cases show a fair stability boundary still

remains _ith the identificstion errors indicated except for the 2nd

mode tuned low at the 8 sec flight case and the 3rd mode tuned low

at the 8 sec and 73 sec flight cases. Compensation Configuration ,_2

still has a relatively low shor_ period frequency, about .h6

radians/sec during the major portion of the flight.

In the general control system configuration of Figure 5 the

system design variables which can be changed in order to improve

the short period frequency are:

I. rate instrument location

2. rate gain _

3. short period lead-lag compensation

h. notch zero damping

5. notch pole frequency

6. notch pole damping

The desired effect upon the gain phase in increasing the short period

frequency is to obtain more lead phase shift at those frequencies

near the short period high frequency crossover of Compensation
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Configuration #2 (i.e., near I radian/sec). Vie_ving the six types

of design variables listed above to determine how they can be used

to increase the short period frequency and how such changes affect

overall stability results in:

I. Rate Instrtunent Location - A change in the rate instrument

location _rillj in general, have no direct effect upon the

short period frequency, but indirectly any additional lead

at the short period frequency w_ll cause a loss of gain

margin at the higher frequencies. A change in the rate

instrument location may increase the higher frequency gain

margins especially at the bending modes, however, the rate

instrument locations chosen for Compensation Configuration

#I and #2 were made on the basis of obtaining the r_ost high

frequency gain margin obtainable from acceptable instmnnent

locations. Thus, a change in the rate instrument location

to any other allowable location should have a hannful effect

upon increasing the short period frequency.

2. Rate Gain - Increasing the rate gain will increase the short

period frequency, however, it will also decrease the third

bending mode gain margin.

3. Short Period Lead-Lag Compensation - Increasing the lead

at the short period high frequency crossover frequency can

be accomplished by means of the lead lag compensation at the

expense of decreasing the high frequency gain margins. The

lead-lag in Compensation Configurations T_I and #2 have been

adjusted to obtain a near optimum short period frequency

with the other control system design variables held fixed.

Thus, little or no gain in short period frequency can be

expected by just adjusting the lead-lag compensation.
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h. Notch Zero Dmnping - Increasing the damping on the notch

zeros will produce more phase lead at the short period_

however a _Jch more rapid reduction in gain margin at the

2nd and 3 rd bending modes will occur.

5. Notch Pole Frequency - Increasing the notch pole frequency

will reduce the amount of lag phase shift at the short period

frequency, which is effectively adding lead. It _ill also

reduce the higher frequency gain margins.

6. Notch Pole Damping- Decreasing the notch pole damping will

reduce the lag phase shift at the short oeriod frequency.

It _¢ilI cause some increase in gain margin above and below

the notch pole frequency but will cause a large reduction

in gain margin at the notch pole frequency by causing a

bulge in the gain phase curve at this frequency.

Each design variable (except for rate instrument location) can

be used to increase the short period frequency at the expense of a

degradation in stability at some other frequency. A tradeoff was made

between these parameters to obtain a near maximum short period frequency

with the maximum allowable degradation in high frequency stability

margins. The max q - 78 sec flight case was used as the major design

point because an increase in short period frequency is desired to

reduce trajectory following errors produced by wind disturbances and

thus aerodynamic loads on the vehicle. These loads are most effective

at max q. Table IV gives the control system parameters arrived at

for the 78 sec flight case to obtain the maximum short period frequency.

Figure h2 is a gain phase of this system which will be called

Compensation Configuration #3. The short period frequency has been

increased to .7 rad/sec when operating with 6 db of high frequency

gain margin. The second and third mode are both only about h db

below the operating gain and slightly phase stable. The first

bending mode is in approximately the same location as it was in

Compensation Configuration #2.
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Sampling Rate

Rate Gain

Short Period

Zero

Pole

Ist Mode Notch

Zero Damping

Zero frequency

Pole damping

Pole frequency

2nd Mode Notch

Zero damping

Zero frequency

Pole damping

Pole frequency

3rd _[ode Notch

Zero damping

Zero frequency

Pole damping

Pole frequency

Loop Gain

*Identified Frequency

.I sec

3.0 sec

1.0 rad/sec

2.1_ rad/sec

.02

w

T1

.55

.025

T 2

.55

2.5

.O2

_T 3

.7

5.0

1.23

Table IV. Compensation Configuration #3 at 78 sec
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This Compensation Configuration cannot be applied directly to

other flight cases as a result of its being so highly optimized to

the ?8 sec flight case. Figure h3 and hh are gain phase plots of

this system applied directly to the 8 and 157 sec flight cases_

respectively. In Figure h3 the 2nd and 3rd bending modes extend well

into the area desired as a short period operating point. In

Figure _:I_the short period operating region is cut into by a frequency

between the I st and 2nd bending modes. This is caused by the two

notch filter poles at 4.5 rad/sec and .55 damping. In order to

maintain the configuration at ?8 seconds and improve the operation

at other flight cases the notch poles can be moved along with the

notch zeros. In order to make such a system coincide _ith the ?8

sec flight case the first mode notch pole frequency would be 1.95 w j
T 1

the second mode notch pole frequency .804 WT2 , and the third mode

notch pole frequency .55 WT3. Figure h5 and h6 are gain phase plots

of the 8 and 157 sec flight cases with the notch pole frequencies

deter_nined in this manner. Only a slight improvement has been made

at the 8 sec case by allowing the notch pole frequencies to change

with the notch zero frequencies, about 2.5 db at the second bending

mode. A much greater improvement is made at the 157 sec flight case.

The normal short period operating region is cleared of all high

frequency loci. By operating _rith a loop gain of .5 a short period

frequency above .? radians/seo is obtained with 6 db of high frequency

short period gain margin. The first bending mode is phase stabilized

by 12_ and the second mode by 50° . By allowing the notch po!es to

vary along with the notch zeros an entirely new picture is created

with respect to the adaptive stability. Before this system could

be considered acceptable, study would have to be made to determine

if an identification null can be achieved with an unstable system

(i.e., an operating point similar to that sho_n in Figure I0.
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Fourth Bending Mode

The basic vehicle data suggests that the fourth bending mode

will have little influence upon the system operation or stability

except possibly at lh9 seconds when its mass drops to a minimum

of 1600 Kg - sec2/m. A gain phase of this flight case using

Compensation Configuration //2 including the fourth bending mode

is sho_ in Figure h7. It is evident from the plot that the fourth

bending mode has a significant residue_ however, the open loop gain

at the fourth mode frequency can be reduced by 12 db using a simple

lag at 5 radians. The fourth bending mode therefore does not present

a significant vehicle stability problem.

Stability with Fuel Slosh

The fuel slosh modes have a much greater influence upon systeml

stability and in turn _¢ilI influence the identification performance

of the spectral system. _ne majority of the stability and trajectory

analysis did not include fuel slosh because of the significant increase

in computations required with slosh included with the resultant

increase in cost and time to perform the analysis. A stability

analysis was made using Compensation Configuration #2 for the 8,

78 and 157 sec flight case with fuel slosh and baffles included. The

gain phase curves generated in the analysis are given in Figure h8,

h9 and 50. These figures should be compared with the no slosh case

shown in Figure 2], 22 and 23, respectively. In comparing the 8 sec

case (Figure h8 and 21) where the major alteration is in the first

bending mode which has either been raised in frequency or been

replaced by a slosh mode. In either case the mode with slosh is

much greater in magnitude with a reduced phase margin. If this in

actuality represents a slosh mode the effect upon the spectral

identification system is questionable since the input sensor to the

spectral identification system contains only bending and no direct

slosh measurements. At the 78 sec flight case (P_igure h9 and 22) the
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3.1.3

first bending mode and significant slosh mode are both easily

recognizable. The amolitude of the first bending mode is reduced

and the slosh mode much more significant than the first mode. At

the 157 sec flight case (Figure 50 and 23) the slosh has not greatly

effected the first bending mode, however, the slosh mode itself,

though reduced in magnitude from the other flight cases, has cut

significantly into the short period stability boundaries.

The 8 sec flight case using Compensation Configuration #2 was

run with fuel slosh and no baffles. A gain phase of this system is

given in Figure 51. The third slosh mode is phase stable with only

about _ of phase margin and the first slosh mode now shows a

significant effect upon the gain phase.

It is evident from these plots that fuel slosh does definitely

effect the system stability. Its effect upon the spectral identification

system and thus the bending stability must be determined by simulation

because the sensor used as an input to the spectral identifiers

measures only bending and thus slosh excitation in the system could

only effect the bending frequency identification by its influence

on bending.

h'ORST CASE ANALYSIS

NASA working papers concerning bending parameter variations due

to variations in Vehicle El characteristics for the Saturn V were

analyzed to obtain an estimate of worst case bending parameter

variations for Model Vehicle II.

The data analyzed was of bending mass, frequency, slope and

deflections for variations in vehicle stiffness of + 50% at each

interstage and + 10% overall for the max q flight case. The bending

parameter variations required for Model Vehicle II and the basic

control system studied are the bending frequencies, mass, and slopes

at the instnlment unit and the 1:2 interstage region for the first

three bending modes.
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In obtaining the worst case data the foilo_ring procedure

was followed:

I. For each of the four variations in vehicle stiffness the

incremental change from nominal of each bending parameter

required was generated.

2. Table V was generated to show the effect of each stiffness

variation on each bending parameter required (i.e.,

whether the tendency is to increase, decrease or is

negligible).

3. Analyzing Table V shows that a maximum positive variation

in all three bending frequencies is obtained if

Interstage 1:2 stiffness is +50%

Interstage 2:3 stiffness is +50%

Interstage 3:h stiffness is +50%

Overall stiffness is -10%

A maximum negative variation in all three bending frequencies is

obtained if

Interstage 1:2 stiffness is -50%

Interstage 2:3 stiffness is -50%

Interstage 3:4 stiffness is -50%

Overall stiffness is +10%

A maximum decrease in m2, YI'(IU),

a maximum increase in ml, Y3'(IU),

obtained if

and Y2'(IU) and Y311:2IS) and

YI_(I:2IS) and Y2'(I:2IS) is

Interstage 1:2 stiffness is +50%

Interstage 2:3 stiffness is -93%

Interstage 3:h stiffness is -50%

Overall stiffness is -10%

A maximum increase in m2, YI'(IU), Y2'(IU)

maxinnm decrease in ml,

obtained if

and Y3'(I:2IS) and a

Y3 '(IU)' Yl'(l:2IS) and Y2'(I:2IS) is
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½

m2

m3

Y'I(IU)

Y'2(IU)
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2(1.21S)

Y'3(1:2I_ )

4" -- ÷ . 4- -- . 4-

4- . ÷ -- + -- -- ÷

+ -- ÷ -- + -- -- 4-

+ - - + - + 0 0

- + + - + - 0 0

+ - - + + - 0 0

- + + - + - 0 0

- + + - + - 0 0

+ - - + - + 0 0

+ - - + - + 0 0

+ - 0 0 - + - 0

- + + - + - 0 0

Table V. Stiffness Influence on Bending
Parameters
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Interstage 1:2 stiffness is -50%

Interstage 2:3 stiffness is +50%

Interstage 3:_ stiffness is +50%

Overall stiffness is +10%

A maximum increase in m 3 is obtained if

Interstage 1:2 stiffness is +50%

Interstage 2:3 stiffness is -50%

Interstage 3:h stiffness is +50%

and a maximum decrease in m 3 is obtained if

Interstage 1:2 stiffness is -50%

Interstage 2:3 stiffness is +50%

Interstage 3:h stiffness is -50%

These 6 variations in vehicle stiffness are then defined to be the

worst case configurations I through 6, respectively.

h. For each of the six cases a total incremental variation

in each bending parameter was obtained by adding the

incremental changes for each appropriate stiffness

variation. For the bending frequencies and masses these

were converted to a percentage of the nominal in order

to apply them to _odel Vehicle II. Since the bending

deflections are normalized to be 1 at the nozzle for both

vehicles and since a percentage variation of a parameter

which goes through zero is nebulous the slope incremental

variations were transferred directly to Model Vehicle II.

Although these variations are computed for the max q flight

case (the only case for which data is available) they were

assumed appropriate for all flight times. Table VI gives

the variations as a percent for frequency and mass and as

a magnitude for the slopes which were applied to Model

Vehicle II in the worst case bending analysis. This data,
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,A " °

¼

(J2

%

h

m2

m3

Y'I(II:)

Y'3(Iu)

Y'I(I:21S)

Y'2(1:21S)

Y'3(1:21S)

WORST CASE CONFIGURATION

I

+12.3%

+11.o%

+ 7.0%

- 7.8%

- 5.3_

+10.3%

-13.h%

- 9.8%

+l,o.6%

3

-O. 2%

+0.9%

+3.1,%

+53.3_

+12.8%

- 9.8_

-32.2%

+ 6.9%

4

-6.8%

-3.2%

-6.2%

-2o.4_

+I_o.7%

- 6.0%

5

+2.t,%

+5.1%

+o.h_

+h.9%

-15.o%

+15.1%

6

-io.2_

- 7.2%

- 3.0%

+27.9%

+23.7%

-lh.7%

.oo8_

.01_I

-.02388

-.oo55

.0039

.01391

-.0338

-.0237

.01366

-.OOhl

-.0305

.00502

-.0677

-.O797

.o2259

.o_2h

.0102

.00983

.0h23

.0701

-.05281

-.O220

-.0368

.02858

-.0208

.0111

-.008h7

-.0015

-.0039

.01012

-.OOh6

-.0207

-.oo]75

-.0081

-.OLOO

.00863

Table VY. Incremental Variations in Bending Parameters

for }]odel Vehicle II for 6 Worst Case Vehicle
Configurations
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plus variations on the aerodynamic and dynamic data

for Model Vehicle If, were utilized to investigate the

effect on the system stability when the off-nominal vehicle

part.meters are utilized in conjunction with the control and

adaptive system parameters designed using nominal vehicle

parameters.

The six worst case configurations defined by Table VI

plus worst case variations in the center of gravity

(-.5 meters_, center of pressure (+3.02 meters), Cz_ (+6%)

and forward loop gain (-lO_ were used to determine their

effect upon systems stability. Figure 52 through 69 are

gain phase plots for these six worst case con_'igurations

for 8, 78 and 157 sec flight case using Compensation

Configuration #2.

All worst case configurations remained stable except for the

8 and 78 sec flight case using worst case configuration #2.

In the worst case configuration #2 at 8 and 78 sec the second

bending mode is unstable plus the third bending mode by

about 1/2 db at the 8 sec case. In order to stabilize this

case a lag phase shift of _400 at the 2nd bending mode and

at the third bending mode are required. This can be obtained

by the addition of a lag lead net_^'ork to the short period

compensation and/or decreasing the damping on the first and

second mode notch poles.

The most important point in this analysis is that neither

the short period nor the first bending mode become unstable.

Short period gain margins were reduced significantly in some

case but absolute short period stability was always

maintained.
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3.l.h LOAD RELIEF

The main purpose of the load relief system design was to

demonstrate the operation of the spectral identification system.

The principal features of the designed load relief system are:

a. The system features a conventional no_nal acceleration

loop, including second order digital compensation in the

N loop.
z

b. The load relief system becomes operative when the normal

acceleration at the output of the N loop filter exceeds
z

a threshold level.

c. l$hen the N z loop is operative, the ordinary short period

and bending compensation is unchanged but the N loop
z

(in the control computer) includes the option of using a

different rate gain and a (constant factor) gain adjust

on the system programmed forward loop gain.

Figure 70 is a gain-phase plot of Compensation Configuration #2 with

the N z loop closed. The N z compensation is second order, and includes

(frequency characteristics) a pole at .3 rad/sec, a zero at I rad/sec

and a second pole at 3 rad/sec. Equation (IO) is the Z form

of the N compensator.
z

DNz(Z)
(Z-.90h69)(Z+I)

(z-.970hh)(z-.73?h2)
gain norma!i zed

(IO)

The Nz loop gain (actual) is +.368, the rate gain and system loop

gain are respectively 3 and I.I when the N loop is operative. The
z

N z loop threshold used for the trajectory runs is 0.I m/sec 2,

monitored at the output of the DC gain normalized N loop filter.
z

In the flight computer the N signal from the accelerometer (mounted
z

at h6.Sh m) would be processed through the N filter from lift-off,
z

and the output of the filter tested at each control cycle time.
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3.1.5

%_hen this signal exceeds the threshold specified, a different control

equation, including the N term, the new rate gain and the N loop
Z Z

gain adjust would be processed by the control computer. _'_en the

N signal from the N filter goes below the threshold, the normal
Z Z

system control equation would again be processed. This system

results in a 37.7% reduction in peak loads due to wind disturbsnce.

Additional load relief can be accomplished by increasing the short

period frequency of the basic attitude control system as was done in

Compensation Configuration #3. The increase in short period frequency

of the attitude control loop will allow for higher load relief system

gains and ban_h_idth.

The primary objective of establishing the adaptive system

performance _th load relief was achieved using this system.

TR_LJECTORY SI_JLATYONS

A great number of trajectory simulations were made which

represents a huge bulk of material, a single trajectory run being

represented by up to 70 time function plots. In order to extract the

significant points from the trajectory simulations a double sifting

of the data was performed. First the most significant trajectory tans

were selected and secondly, from these runs only the plots of the

most significant vehicle parameters are included
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Compensation Configuration #I

Figure 71-I through 71-8 is a partial trajectory covering the

time period from t = I0 sec to t = 90 sec using Compensation

Configuration #l. There is no wind and the spectral identifier is

initialized _2_ below the actual open loop bending frequencies. At

this initial setting all three bending modes are unstable as shown

by the gain-phase of Figure 72 which is at t = 8 sec _ith 25% _etuning

on ali three bending modes. Figure 71-1 shows that after 8 sec of

trajectory time the bending frequencies have been identified within

5% of the open loop frequencies which the stability analysis shows

is a stable system. During the time that unstable operation existed

the bending did not diverge or become excited enough to signiCicantly

disturb the gyro output (Figure 71-2), the rate _vro cutout (Figure 71-_)_

the delta rate gyro output (Figure 71-5) or the nozzle deflection

(Figure 71-6). In Figure 71-1 from 66 to 80 sec all three identified

bending frequencies remain constant. This is because the identification

system found no legitimate peaks in that the bending amplitude was

low enough to be below the resolution level set on the identifiers.

Other parameters from this run are the nozzle rate and angle of attack.

Another trajectory run was made for the time period t = 90 to t = 157

sec for this same system but is not included in this report. The

stsbiiity anaiysis indicated that a 157 sec the first bending mode

would be unstable if the adaptive spectral identification loop was

at null. The system did not go unstable however, because lags in

the identification system caused the first mode to be identified low

at 157 sec.

Figure 73-1 through 73-8 is the same system as Figure 71-I

through 71-8 except for an _ input. The wind was not initiated
w

until 2_ sec and thus the first portion of the runs of Figures 71
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and 73 are identical. Trajectory fol!o'_ing was similar until the

max q region indicated by Figures 71-2 and 73-2. The trajectory

following became worse with the additions of winds as would be

expected. The bending activity between the two _ns is similar

until 78 sec where a rapid change in the _ profile occurs which

significantly increases the bending excitation as indicated by the

differential rate gyro output (Figure 73-5-*). The second and third

bending mode becomes poorly identified at times. This is caused

primarily by wind energy being high at frequencies other than the

bending frequencies. This run and other runs indicate that even

though one or more bending modes are poorly identified at times, the

proper identification will be regained before significant bending

deflections are generated from a resultant unstable mode. This is

because either the energy source producing the extraneous energy

disappears or because the bending b_lilds up just great enough to be

larger than the extraneous energy source and thus identified. The

wind profile used for this run was not the standard worst case wind

profile used in the rest of the trajectory runs, b1_i_in general_ a

worse _ind than the worst case wind profile. Loads on the vehicle -

have increased significantly because of the wind profile which can be

seen by comparing the nozzle deflections (Fi;7/res 71-6 and 73-6) and

the angle of attack (Figures 71-8 and 73-8). These loads can be

reduced by the addition of a load relief system and by increasing the

vehicle response through more optimum control compensation.

The worst case wind profile is sho_n in Figure ?h. This profile

includes a peak gust at 72 seconds. In order to determine the effects

of initially having the spectral identifiers tuned 25% high a gain-

phase using Compensation Configuration #i for the 8 sec flight case

was generated and is shown in Figure 75. _migmre 76 is a partial

trajectory for the time period t = I0 to t = 90 seconds using

Compensation Configuration #I with the worst case _[SFC winds and the

notch filters initially detuned 25% high. For the first 52 seconds

until the _w profile starts, this figure can be directly compared

with Figure 71 where the notch zeros were initially detuned 25% low.

Comparing the differential rate gyro outputs st an ex3panded scale

sho_ed that the second and third bending modes are much more excited with

the notch zeros initially detuned low. At 72 seconds the bending

excitation increases significantly due to
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the vrind gust. The wind gust has a dual effect. It directly

excites the bending to cause large deflections but it also detunes

the identifiers, destabilizing the system and further increasing the
bending excitation as indicated by Figure 76-1. _en the gust is

passed the spectral identifiers rapidly re-identify the bending

and return to a stable configuration.

Comoensation Configuration #2

Figures 77 and 78 are gain phase plots sbo_ing the effects of

detnning the notch zeros 25_ high and low. %,_en tuned 25_ high as

shown in Figure 77, all modes are stable, kq_en tuned 25_ low as

shown in Figure 78, the first and third modes are unstable. A

trajectory response equivalent to Fign_re 76, but using Compensation

Configuration /12, is sho'¢rnin Figure 79. The response with Compensation

C_nfiguration #i (Figure 76) and "_ith Compensation Configuration $2

are very similar until the gust is applied at 72 seconds. With

Compensation Configuration #2 the second bending mode is much more

excited. 1:Jith Compensation Configuration #2 the loading indicated by

nozzle deflections and angle of attack is comparable _ith Compensation

Configuration /11 indicating the requirement for increasing response and

for a load relief system.

A complete trajectory, i.e., t = I0 to t = 157 sec, using

Compensation Configuration $2 is sho_rn in Figure 80. Trajectories

were always started at t = I0 seconds rather than at t = 0 sec because

_rith a digital simulation there is no excitation to the problem 1_ntil

pitchover occurs. In Figure 80 the load relief system is operative

but does not cross the threshold and s_,_itch until after 60 sec.

Comparing Figures 79-1 and 80-1 it can be seen that the identificetion

is more rapid and better when the notch zeros are initially 4etuned

low. This is caused by the first and third bending modes being

initially unstable when the notch zeros are tuned low. With unstable

herding modes the oscillatory bending deflection increases more

rapidly and is thus more easily identified. With the spectral

identification adaptive control system is is generally the case if

the bending is well stabilized and thus excited very little, the

spectral system will show poor identification because the bending
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enery is low. If, on the other hsnd_ the bending energy is high

due to poor bending stability, the bending frequencies are well

identified by the spectral system. It is, in fact s this operation

that gmarantees stability if the basic control system is properly

designed because the more unstable the bending becomes and thus

more excited, the more accurate the identification becomes and thus_

the better assurance of a resultant stable configurstion. _en the

load relief system is initially turned on at 60 sec the identification

becomes disturbed because of a large transient seen on the differential

rate gyro signal (Figure 80-_). Edentification accuracy returns

to normal after the transient is passed and remains good throughout

the rest of the ioad relief system operstion until snother transient

is produced when it is switched out. The loads are most easily seen

by the nozzle side force caused by the nozzle de_iection (Figure

80-6) and are considerably reduced with the load reiief system

as co_p_red with Figure 79-6. The _oad relief system results in a

load reduction of 37.7%. A further load reduction would result if the

short period response was increased by the use of Compensation

Config_ra tion #3.

Of basic conern is the effect of random noise on the

identification system. The major source of random noise is random

wind gusts. A worst case random _nd gust profile was sdded to the

I_SFC worst case wind profile to generate a random input source for

the simulation. These random wind gusts were generated by filtering

the output of a random number generator to obtain known wind frequency

characteristics. A peak gust velocity of 120 meters/see was assumed°

The total _ profile is shown in Figure 81. Figure 82 is a trajectory

response with the _ profile of Figure 81 using Compensation
W

Configuration #2 with the load relief operative. The frequency

identification deviation during the high disturbance time (t = _)

to 90 sec) is less with g_st energy present as can be seen by compsring

_gures 80-I and 82-I. In the vicinity of 112 see there is a

period when the second and third mode filters do not identify
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(Figure 82-1). Figure 83 is a spectrograph of the spectral filter

output amplitudes taken during this period of time. The spectral

identification system first chooses the three largest peaks occurring

at n values of II, 15 and 20. These three peaks are associated

with the three bending modes in the manner 20 with the first, 15

with the second and II with the third. A test of the ratios insuring

the separation of the bending frequencies then rejects the peaks at

II and 15. The peak at 15 is not caused by the bending but by the

gust energy. The peak at II is caused by the second bending mode

and thus should not be associated with the third mode. If the peak

at 15 would have first been rejected as being too close to the first

mode and then the three largest remaining peaks selected which occur

at 20, II and 5, proper identification would have been made. It is

evident that while no really bad tuning occurs due to the processing

technique_ more information is present in the filter outputs than is

utilized. This is a good example to illustrate the identification

accuracy vs. information processing sophistication tradeoff. In this

case, very little would be gained by the additional processing since

good dynamic stability is maintained without the additional processing.

Normal identification of all three modes resumes near 120 sec in

Figure 82-1.

As would be expected the addition of random gusts increases the

bending activity but the spectral identification system maintains

a stable control system thereby maintaining acceptable operation. In

actuality, the identification is improved with the random gust input.

Instrument Noise

Another major source of random noise is generated by the control

sensors. Wideband noise was added to each instrument. Peak instrument

noise values used were + 5 degrees on the attitude gyro, + .25
m m

deg/sec on the rate gyro and + I.I deg/sec on the differential rate
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gyro. All of these values are much greater than would be ordinarily

expected on a well functioning sensor. Figure is a trajectory

response with these values of sensor noise. It is identical to the trajector

of Figure 82 except for the addition of the inst_u_ent noise. The

instrument noise further improves the frequency identification and

does not significantly affect the trajectory following. The

bending is more excited due to the increased activity of the nozzles

caused by the sensor noise.

Fuel Slosh

In order to simplify the vehicle dynamics with slosh included

and the resultant cost of simulating the vehicle, the conglomerate

characteristics of the three slosh modes were approximated by a

single slosh mode. The approximation was made by comparing the open

loop gain phase of the vehicle with three slosh modes to that of the

vehicle with one slosh mode. The best approximation occurred when

the unmodified third slosh mode was used. An open loop gain phase

of this system is shown in Figure 85. The slosh peak with only one

mode is reduced by about _ db from that with three modes. Since the

mode is close to the 0° phase line this results in only about a 2 db

change in the closed loop system. The general shape of the gain

phase curve is the same for either 1 or 3 slosh modes. A trajectory

run with the single slosh mode was made and is shown in Figure 86.

A comparison of this trajectory with Figure 79 shows that the addition

of the slosh mode increases the bending activity especially of the

first mode_ however, there is no tendency shown for the spectral

identifier to identify the slosh frequency. There is a shift in the

identified first bending mode frequency which can be attributed in

part to a real shift in the bending frequency with the change in the

vehicle dynamics and partly to poorer identification which is indicated

by higher bending activity.
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Figure 87 is a spectrograph of the spectral filter output

amplitudes. A slosh peak is recognizable around the integer value
17. The identification system does not_ however, interpret this as

a legitimate peak because in each case there are not two integer

points on each side of the peak which have amplitudes lower than the

peak value.
With a more highly active slosh modeit would be expected that

the slosh modewould be identified at times. If a notch were placed

at the slosh frequency the system configuration would dictate whether

the bending and/or slosh modewere to go unstable. If the system

were to be designed so that the slosh moderemained stable whether

the notch were placed at its frequency or nots then the displaced notch

from the bending modewould cause the bending to becomeunstablej

thus more excited and in tulmj be re-identified. Onewould thus

expect the vehicle to operate _ith the bending activity larger than
the slosh activity as measuredby the delta rate gyro signal so that

the bending frequency would be identified.
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3.2 ACTIVECONTROL

The term active control is used to describe a control system designed

for a flexible vehicle which goes beyond the normal system which is

generally designed to control the vehicle in spite of bending. An active

bending control system is one which controls the bending as well as vehicle

attitude. To obtain a system which _rill control bending a sensor to measure

bending is reqllired. The obvious sensor to use is the differential rate

gyro which as previously described has only bending signals on its output.

The differential rate gyro output must then be processed and summed with

the normal attitude control error to form the total nozzle co_and signal.

This processing of the differential rate gyro signal in a linear system

amounts to a compensation network. To obtain a system which is tolerant

of changes in vehicle dj_amics and flexibility parameters the compensation

on the differential rate gyro output will have to be changed during flight

by some adaptive control sensor. With these adaptive control loops

removed the active control system open loop block diagram is represented

by Figure 88. Before an ad_ptive system can be designed to generate the

G-function the desired characteristics of this function must be determined.

The total open loop transfer function of $c/Bc can be expressed in partial

fraction form. The partial fraction expression _ill contain two terms

for each bending open loop root, one term having the complex conjugate

root and residue of the other term. Defining a function V to be the
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sum of one of the bending partial fraction ten_s for each bending mode

then for three bending modes

= ÷ J q ÷ E2÷ J F2 ÷ ÷ j

Z + aI + j b I Z+a2+Jb 2 Z+a3+Jb 3

(11)

For each of the vehicle transfer functions of Figure 86 an expression

similar to Y can be defined, i.e., a function e being the sum of one

_i /_ and P
bending partial fraction term for each mode for _I + K_ 1 c

being the sum of one bending partial fraction term for each mode for

_iI- _i2/8 c yielding

A 1 + j BI A 2 + j B 2 A 3 + j B 3
4- + ....

Z + aI + j b I Z + a2 + j b 2 Z + a3 + j b 3

and

CI + j DI C2 + j D2 C3 + j D 3
p = + +

Z + aI + j b I Z + a 2 + j b 2 Z+a3+Jb 3

The function _ must then be the select partial fraction terms from

¢ + G(Z)p. Thus, the V function residues are

E.j. + j F1 = A 1 + jB 1 + G (-a I - Jbl)(C 1 + JD1)

E2 + ,.i F2 = A 2 + jB 2 + O (-a 2 - Jb2)(C 2 + ,.i]32)

E3 + j F3 = A 3 + jB 3 + G (-a 3 - Jb3)(C 3 + JD3)

(12)

(13)

(lh)

(19

(].6)

Separating the real and imaginary portion of these equations produces

a set of six equations. For each flight case with a fixed rate gain the

values of A, B, C, and D are knolvn for the nominal vehicle. If the

values of E and F can be determined from the desired bending response



then these six equations can be solved to dete_ine six design variable
coefficients in the G function in terms of the ren,3ining design variable

in the G function_ assuming the existence of more than 6 design variables.

For ex_~_ple_ if we define a 0 function to be of the for_:

Z3 + _2 z2
G(Z) = 3 + _I Z + _0 (17)

Z2
Z3 + _2 + _I Z + _0

then each of the equations (lh), (15), and (16) are of the form

(Ci + JDi) { [_3 (3aibi2-ai 3)+ _2 (ai2-bi 2)- _lai+_O ]

+ u2(ai2"bi 2) -_'a'+VO]11 +j [(bi3-3biai 2) + v2"2aibi- Vlbi]} (18)

where i = l, 2, 3

Equation (18) can be seoarated into its real and i_icginary parts producing

a set of six equations. In these six equations there are seven unknowns

(i.e., _3' _2' _I' _0' _2' Vl and VO). Six of these unknot,ms can be

solved for in terms of the remaining unknown. If the remaining unknown

is chosen %o be _3 then these six equations in matrix notation can be

expressed as:

where M is a 6 x 6 matrix and X and V are both 6-vectors. From

equation (18)

Mll = C1 (al2-bl 2) - 2 alblD 1

_2 = - alCl + blDl

(20)

(21)

MI3 = CI

_4 = (Al-Sl)(al2-bl 2) + 2(F1-B1) albl

(22)

(23)
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MI5 = (EI-AI) al-b I (FI-BI)

1_,16= AI -

M21 = C2 (a22-b22) - 2 a2b2D 2

M22 = -a2C2+b2D2

M23 = C2

M2h = (A2-E2)(a22-b22) + 2 a2b2(F2-B2)

M25 = (E2-A2) a2-b 2 (F2-B 2)

M26 = A2-E 2

M31 = C3 (a32-b32) - 2 a3b3D 3

M32 = -a3 C3 + b3 D3

M33 = C3

M34 = (A3-E3)(a32-b32) + 2 a3b 3 (FB-B 3)

M35 = (EB-A3) a3 -b 3 (FB-B3)

M36 = A3-E 3

Mhl = D1 (al2-bl 2) + 2 alblC 1

Mh2 = -alDl-blC I

_43 = DI

(24)

(25)

(26)

(27)

(28)

(29)

(30)

(31)

(32)

(33)

(3_)

(35)

(36)

(37)

(38)

(39)

(ho)
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Mhh = (B1-F1)(a12_b12) + 2 alb I (A1-K1)

Mh5 = aI (F1-B 1) + b I (E1-A 1)

/451 = D2 (a22-b22) + 2 a2b2C 2

M52 = _ a2D 2 - b2C 2

M53 = D2

M5h = (B2-F 2) (a22-b22) + 2 a2b 2 (A2-E2)

M55 = a2 (F2-B2) + b2 (E2-A 2)

M56 = B2-F 2

M61 = D3 (a32-b32) + 2 a3b3C 3

M62 = -a3D 3 - b3C 3

M63 = D3

M6h = (B3-F3) (a32-b32) + 2 a3b 3 (A3-E3)

M65 --a3 (F3-B 3) + b3 (E3-A 3)

"66-- 3-F3

X1 =el2

(41)

(_5)

(h6)

(h7)

(_8)

(_9)

(50)

(51)

(52)

(53)

(5_)

(55)

(56)

_7



X2 = _I

X3 = _O

X4 = _2

X5 = v1

X6 = v0

V1 = (F_.-Al-Ot3C1) (3alb12-al 3)-(F1-BI-O_3D1) (b13- 3bla12 )

V2 = (E2-A2-_3C2) (3a2b22-a23)-(F2-B2-_3D2) (b23-3b2a22)

V3 = (E3-A3-a3C3) (3a3b32-a33) -(F3-B3-_303) (b33-3b3a32)

Vh = (FI-BI-_3DI_ (3albl2-al 3) *(_-AI-_3C I) (bl3-3blal 2)

V5 = (F2-B2-_3D2) (3a2b22-a23) +(E2-A2-=3C2) (b23-3b2a22)

V6 = (F3-B3-_303) (3a3632-a33) +(E3-A3_3C3 ) (b33-3b3a32)

(57)

(58)

(59)

(6o)

(61)

(62)

(63)

(6h)

(65)

(66)

(67)

A possible desirable set of values for the open loop bending residues

is zero. Under this condition the control system has no effect at

all on the bending, thus producing a complete decoupling between attitude

control and vehicle bending. This represents more decoupling than could

be provided by placing the instruments on a theoretical though non-

ex__stent bending mode for all three modes, in that under this condition

bending coupling would still exist through the aerodyn&mics and thrust

forces,

These equations were solved for the 78 sec nominal flight case

with the result:

_2 = - "32990995-2"3695892 _3 (68)



_I = "4 9906993+2.1397287 _3

_0 = - "27268560-'69h3850 _3

v2 = - 2.h8679068+.6887001
3

v I = 2.450258h2-.6612812
3

v0 = -1.28655078+.3283598 _3

(69)

(7o)

(71)

(72)

(73)

A gain phase for this system with _3 = 7.5 is shown in Figure 89 It

can be seen that all effects of bending on the gain phase have been

removed. With no short period compensation it is possible to operate

above I rad with a j 12 db gain margin and h_ of phase margin. This

can be compared with the gain phase of the system with no bending

compensation, Figure 90 and with perfect instruments, that is the

bending slopes for all three modes zero at the instrument locations,

in Figure 91.

A root locus and time resoonse were _de of this system. The

root locus is shown in Figure 92. The open loop poles and zeros show

that the natural system bending zeros have been drawn in to exactly cancel

the bending poles.

Figure 23 is a time response of the sysbem with the vehicle dynamics

fixed at 78 seconds. It is a yaw simulation _ith worst case winds.

Figures 93-1 and 93-3 shows that the bending, especially the first mode,

is still excited and very lowly damped. The nozzle deflection, Figure 93-4,

shows no bending co_}ponent at all which is further indicated by no bending

observed on the nozzle rate, Figure 93-5.

The bending being generated is from the _ input. This leads one

to two new areas of investigation. The first is to determine if a

compensation on the delta rate gyro output can be designed to zero the
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closed loop residues of both the transfer functions _/_ and _1/_c

simultaneously. The second design direction is to cause the bending

frequency open loop gain-phase value to be such that upon closing the

loop the feedback will degenerate the bending independent of its

excitation source. In both studies a great deal off effort will have

to be applied to reducing the sensitivity of the closed loop response

to variations in vehicle parameters. This system is very sensitive

to bending mode slope values. In general one would expect unstable

performance at other flight cases and for an off no_'minal vehicle. It is,

however, possible to extend the technique of determining the G function

to several flight cases. In doing this the order (i.e., the number of

independent coefficients in the G function) is increased by six for each

added flight case. It may be possible that a reasonable sized G function

could be dete_ined which would provide acceptable vehicle performance

for all of the flight for nominal and off nominal vehicles. The actual

search for such a function was felt to be beyond the scope of this

study, however, considerations were given to how one might intelligently

approach such a search. It can be noted from Equations (lh), (15), and

(16) that the G function of the single flight case exalaple is uniquely

determined by the equation

E i + j F1 - A i - j B.

G(_ai_Jbi) = i ; ± = l, 2, 3. (7h)

C.l +JDi

In the example given all E. 's and F. 's were set equal to zero where in
1 l

reality a region of values of the E. 's and F. 's are acceptable. If
l 1

values of zero for the Ei's and Fi's are assumed the midpoint of the

acceptable region then it will be noted that for each flight case the

values of a. and b. vary and using Equation (7_) with E. = 0 and F. = 0
1 1 l l

a set of values of a.1 + j b.1 with their desired value of G(-a i - j hi)

can be determined for a large number of nominal and off nominal flight

cases. The desired G function good for all flight cases can then be
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produced using normal curve fitting procedures whereby a function

is obtained which mapsa set of numbers (i.e., the a.l + j hi's) into

an associated set (i.e., the desired values of G(-ai - j bi) ). In
curve fitting the function order is in general specified, thus, the

problem becomesone of determining the lowest order G function which will

give acceptable performance over all nominal and off nominal flight

conditions. Acceptable performance can be determined by mlnning the
gain phase curves for all the flight cases using the G functions determined
from the curve fit.

Adaptive Generation of the G Fhnction

The existence of a G function for a particular flight case which can

completely remove ail bending excitation from the nozzle command signal

without disturbing the short period gain phase implies the possibility

of utilizing an adaptive system to reduce the sensitivity of the basic

system to parameter uncertainties and changes. The adaotive system

must operate to remove all the bending from the system. Assume the

total error signal (_I + K_ ___T) before bending is removed to be composed
g-

of adc term plus decaying sine waves at frequencies other than bending

plus three sinusoidai bending terms. A single bending term can be

derived off of the delta rate gyro signal by bandpass filtering and is

assumed to be of the form A 1 sin wI t. Differentiating this signal

produces A 1 _I cos _I t. The first bending mode signal on the system

error is assumed to be B1 sin (wI t + _i ) which equals B 1 cos _1 sin wI t

+ B1 sin ___Icos wI t by trig identities. If the filtered delta rate

gyro signal is multiplied by K1 and its derivative by K2 and both these

signals subtracted from the error signal to form the 8 signal then the
o

first bending mode signal on the error signal becomes

(B 1 cos _l - A1K]_) sin wlt + (B 1 sin _1-AIK2 w 1) cos Wlt (75)

The dc average of the total 8 signal times the filtered delta rate
o
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gyro output is

(B1 cos _I - AIKI)

A1
2

(76)

and the dc average of the total
c

filtered delta rate gyro output is

signal times the derivative of the

A1 mI (BI sin _I " AI K2 Wl)

2
(77)

If an adaptive loop is closed to generate _ by integrating (76) and

K2 by integrating (77) then K1 becomes the solution of

: A1(BIcos A1KI)
2

(78)

and K2 the solution of

i2 = A1 wI (BI sin #I- AI K2 ml)
2

(79)

The adaptive loop produces a steady state value of K1 equal to

BI cos _I

A1

and a steady state value of K2 equal to

BI sin_ 1

AI wI

Substituting this into Equation (75) reduces the first bending mode

signal on B to zero•
C

In order to study the characteristics of the adaptive bending

suppression system a simple open loop test was generated. Figure 9h is

a block diagram of the adaptive system with test inputs. The test

inputs are equivalent to having a single sinusoidal bending signal on
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both the system error and the delta rate gyro outputs. Provisions are

made to vary the amplitude and phase relationships of both inputs along

with system gains. Figure 95 shows the _c response of the system £or

system parameters of

w = 2 rad

¢ = h5o

a =.I

b=.9

c = ,/'2

D=I

OR = IO

T = .I sec sampling rate

The system shows very rapid response in eliminating the bending sine

wave on the system error input. Without the suppression system _ would
C

be a 2 radian sinusoidal with peak amplitude of _2. It is interesting

to note that within I period 95.7% of the bending signal has been removed

from the error signal which is equivalent to 27.5 db attenuation at the

bending frequency, and the attenuation is even greater as time progresses.

Figure 96 and 97 are the time response of the adaptive gains Gap and Gar ,

respectively. A difficulty exists with the system in that it is highly

sensitive to input amplitude on P, the delta rate gyro input. Figure 98

is the B c response where the P amplitude is doubled (i.e., D = 2). It

is difficult to determine the amount of 2 radian signals in Pc' however,

an intolerable amount of i radian (half the bending frequency) and 4

radians (t_,lice the bending frequency) exists. Figure 99 is the B response
C

_ith the amplitude on the delta rate gyro signal halved from that of

Figure 95. In this case the rejection response is greatly slowed though

there is no apparent generation of harmonics.

The reason for high amplitude sensitivity to the delta rate gyto

input can be shm m analytically by referring to Figure leo which is a

simplified diagram of half of Figure 9h.
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From the diagram G is obtained by putting the sigu_al g(¢ - GO) through

a low pass filter. If it is assumed that P = D sin wt, ¢ = c sin (wt + _)

and that the low pass .filter will pass only dc then

= dc portion of [DC sin wt sin (mr + _) - DO 2 sin 2 wt] (80)

Using trig identities this becomes

=dc portion of [(DC cos _ - D2G) sin 2 wt + DC sin _ sin _ub cos wt]

(81)

which by double angle fomulas is

= dc portion of [(DC cos ¢ - 020)( - _ co s 2 wt) +

DC sin

2
sin 2 wt]

which is

___I (DC cos _ - D2G)

(82)

(83)

The Laplace transfo_l of G is then

1

a(s) = _Dcc°s _ . (84)
D2

S+ _-

_hus, in the simplified case the adaptive loop has a pole at D2/2

where D is the input amplitude of the delta rate gyro signal. In the

real system the d_mamies of saF@!ing plus the ton-ideal characteristics

of the low pass filter _nd the system nonlinearities changes the response

characteristics from that of a simple lag, however, it does not negate

the sensitivity of the response to the square of the input amplitude of

the delta rate gyro signal. The input amplitude on 6 should have no
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affect upon the system response which is de:::onstrated by Figure i01 and

I02 for values of c = 8 /2 and _ ¢:2_ re_pectively.

In order to remove the a_np]itude sensitivity of the p input a method

of adaptively modifying the input amplitude must be used. Two methods

of doing this were tried. In the first a low pass filter was placed on

the square of the p input signnai. The square root of 2 times the filter

output was assumed to be the peak input amplitude as sho_m in _igure 103.

This produced a fair measurement of D, ho_3ever, _ith acceptable values

of lag time constant "a" a large harmonic (sin 2 _t) component was on D

causing a resulitant large harmonic on 8 • The measured amplitude was
C

used by dividing the input signal P by the amplitude to produce the input

signal for the a4aptive bending suppression system.

A second amplitude measuring system which produces _mch better

results is a peak detection system which can best be described by the

logic flow diagram of Figure IOh.
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In this mechanization A will be similar to D if P is sine wave with

time varying amplitude. The peak detection system maintains A at the

last peak magnitude of the I_I unless the instantaneous value of IPl

is larger than A. Under this condition A is made equal to IPl.

Figure 105 is the response of Figure i03 }_ith the p input modified

to be D sin _t where A was deternined by the logic of Figure lob Values
A

used for this run are _ = 2, _ = h_; GR = 7, T = .1, a = .h and b = .6.

The response was found to be independent of both D and C. Using a pure

sine wave on the p input the bending is rejected in almost one cycle

time indicating excellent potential as a bending suppression system.

In an actual mechanization bandpass filtering }rill be required to

remove the bending signal as a pure sine wave from both the delta rate

gDn'o signal and from the 8 signal plus additional bandpass filters to
e

maintain the desired phase relationships within the circuit.

Figure 106 shows the finalized version of the adaptive bending

suppression system for removing one bending mode. The bandpass filtering

on the A_ signal and the 8 signal is required to sepa1_ate the bending
e

signal as a sine wave from the conglomerate signal in each case. In

order to maintain the proper phase relationship between the signals being

multiplied for the gain determination, additional bandpass filtering must

be inserted between the summetion point into the error signal and the

multipli cation.

Each of the two adaptive loops (one required to remove the in-phase

and the other the quadrature bending components from the error signal)

can be thought of as a suppressed carrier ac modulated servo system with

A_ derived bending signal acting as the ac reference. Figure 107 is one

of these loops redrawn with this ass_uned representation. The bandpass

in the A_ line has been represented as a phase shift network only. The

system treats the amplitude of the bending signal on 8c as an error signal.

The bandpass filter on the B output acts as a lag-lead to the bending
C

amplitude on its input. The multiplication at the bandpass output acts

as a demodulator. The bandpass is mechanized as a W-plane derived filter

of the form
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_n (w2 + 2 _n w + I)

_d (w2 + 2 _d w + I)

z2_ 2 (l-w 2) z + (I- 2)2 ÷ hw 2 (1- _n2)
2

w + 2 _n w + 1 (w2 + 2 _n w + 1) 2

2 (I - w2)
Z2 - Z +

w 2 + 2 _d w + 1

(I - w2) 2 + h w 2 (I - _d 2)

(w2 + 2 _d w + 1) 2

(85)

wT T

where w = tan--_--. The filter has an appro>dmate gain of one at the

tuned frequency. The adaptive loop appears as a closed loop system

operating on the bending amplitude. This closed loop system has an open

loop transfer function of approximately

-_d WTT -_n WTT

bAT (I - e ) Z2 (Z - e )

-_n WTT -_d WTT
(I - e ) (Z-I) (Z-C) (Z - e )

(86)

pro4ucing an open loop pole zero plot as shown in Figure 108.

In order to simplify the analysis two circuits of the type sho}m in

_gure 106 were mechanized for two bending modes. The time response mlns

in_!icate that there is more lag in the serve system than is indicated in

the open loop pole-zero plot of Figure 107. It appears as if the additional

lag is larger than a full sampling period transportstion lag (i.e.j Z-l).
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Pre!Jminary time response analysis indicates the best performance is

achieved with C = Oj that is no filtering on the product ter_ to isolate

only the dc component. Using a single transportation lag, root locus

analysis indicates that a very large loop gain (e.g., I00) is required to

produce a system _rith unity damping and thus no overshoot. Simulating

this high of a loop gain produces instability. The instability may be

caused by inadequate approximations in generating the equivalent circuit

of Figure 107 or more likely with the high gains the nonlinearities in

the actual circuit producing high frequency harmonics which are amplified

to produce instability in these nonlinear modes.

A set of parameters for the system was chosen by using a time

response program consisting of two circuits of the type sho_m in Figure 106.

The A_ input was simulated with

= sin 2.3t + sin %t

and the _ + K_ _ input with

(87)

+ K_ _ = sin (2,3t + ._) + sin (St + .2) (88)

where the two sine waves represent two bending frequencies at 2.3 and

radians per second. It was assumed that the bending frequencies were

exactly identified for the purposes of placing the bandpass filters.

The circuits for each bending mode were mechanized with identical parameters

except for the bandpass tuned frequency.

Because of the harmonic content of the _ output it was difficult
O

to assess the quality of the operation for minor changes in circuit

parameters. The circuit parameters arrived at using this analytic

approach are hopefully near optim_n under the constraints of the circuit

configuration of Figure 106,

Referring to the nomenclature of Figure 106the arrived at parameters

are :

a = _ (89)

b = h (90)

c = o (91)
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The bandpass filters on the b_ input had a numerator damping of

•5 and a denominator dm_ping of .O2_. All other bandpass filters had

numerator dampings of .3 and denominator damping of .05. A sampling

rate of .I sec was used.

Figure i09 is the time response of various test points within the

circuit using parameter values described above. Figure 109-1 is the

total _ output which with perfect operation under the test conditions
O

of no short period signal should go to zero. Without the suppression

system the _ output will have a peak a_Iplitude of 2. Better response
C

than that storm is achieved when a more highly tuned bandpass is placed

on the A_ input signal. In that the bending frequencies will not be

identified exactly a certain amount of bandwidth is required of the

bandpass filters. A denominator damping factor of .025 was selected in

that this damping factor showed wide enough band_ridth when used for the

notch filters in the standard spectral configuration.

Figure 109-2 through 109-ii are the time response for various points

throughout the circuits of both bending modes as defined by the letters

e_ sj uj m and j on Figure 106. The adaptive gains s and u both appear

to be somewhat underdamped. The open loop approximate transfer function

indicates that larger damping can be achieved by increasing the adaptive

loop gains. The unity amplitude sine waves are in the initial transients

fairly poor, however_ become quite clean in the steady state. Changes in

the circuitry configuration may improve this however. If the derivative

(or quadrature) signal derived from the A_ input was found by first

taking the derivative then filtering and amplitude adjusting this transient

operation should improve at the expense of an additional gain adjuster.

The total adaptive operation might be improved if square wsves rather

than sine waves were generated in the adaptive loop, but sine waves were

used for the subtraction from the main error signal.

A digital differentiation mechanized as I-Z "I does not have 90 °

phase shift characteristics at all frequencies having less than 90 ° phase

shift at higher frequencies. The effect of less than 90 ° phase shift is
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to produce intercoupling between the in-phase and quadrature cancellation

networks for that mode. Since the third mode is the highest bending

frequency this intercoupiing would be most significant on the third mode.

A digital differentiator which has 90° phase shift at all frequencies is

mechanized by

(l-z'i) (92)
(i+z-i)•

This 8ifferentiator causes modulation at half the sampling frequency due

to the pole at Z = -1. This mod_lation would make the peak detector

operate in a manner to always generate an output having amplitude one but

frequencies of half the sampling frequency.

z-i
1

cos mT

_ll always have 90° phase shift at the frequency m.

A differentiator mechanized as

(93)

This places the

zero outside the unit circle however, it has the desired phase characteristics

without the modulation at half the sampling frequency.

A large ameunt of harmonic noise is being produced by the bending

suppression system. A great deal of this noise appears to be generated

by forming the differential signal after adjusting the peak amplitude

to one.

Better operation may be achieved if the in-phase and quadrature

bending component signal is derived from the delta rate gyro signal by

the circuit of Figure llO.
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SECTION h.O

CONCHTSIONS

The Spectral Identification Adaptive Control System has been demonstrated

to be capable of controlling a realistic flex/ble vehicle of the Saturn V class

with dyna_fflc and fle_bility parameter uncertainties. _fnen operating in

conjunction with a properly designed control system, stable performance is

guaranteed. The more excited a bending mode becomes due to temporary instability

the more accurately it will be identified and thus the greater assurance of

obtaining a stabilizing control system. The system has been studied with up to

25_ initial uncertainty and has performed well enough to assure that stable

operation will be achieved _ith larger initial uncertainties.

The system maintains its performance in the presence of a realistic

environment of winds and instrument noise. It will maintain stable control

during the operation of a conventional load relief system.

The Spectral Identification Adaptive Control System must be designed

around the vehicle it is to control. Obviously the frequencies at which the

spectral filters are set must be over the total range of possible bending

frequencies. The contrel system must be designed to give adequate short period

resoonse oius insure that at no time the condition can exist where a notch

filter placed at an identified frequency can cause the vehicle to have an

unstable mode at that frequency.

Little effort was placed on the design or improvement of the identification

system itself. Both improvements in identification accuracy and reduction in

the system complexity can be obtained if this becomes a requirement on some

Future vehicle. The possibility of the identification of the short period

frequency should be no problem because in a system when this is a possibiiityj

adjustments to the spectral filter processing could probably be m_de to reject

such identification as a possible bending mode.

Loads were high in the trajectory tans sho_anj however, a reduction in these

loads could be made by increasing the short period response and improving the

load relief system. The short period resoonse can be increased by using Compensation

Son figmration #3.
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The study of the active control system did not proceed to the point of

evaluation with a trajectory simulation. It was sho1_nfor one flight case,

however, that _rith a single force point control it is possible to cor©letely

deco_Jplethe bending and attitude control with the possible extension to generating

a control system which will provide artificial damping to the bending while

maintaining adequate attitude control. This design is highly dependent upon

vehicle parameter variations, however, the study indicates it maybe possible

to either design a fixed control system capable of controlling a b_nd of off

nominal vehicles or to obtain an _daptive system which will rapidly compute the
desired control system.
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SECTION5.0

RECO:_]_DATIONS FOR >_CRTHER STUDY

It has been demonstrated that the spectral system is capable of

controlling a realistic boost vehicle over its entire trajectory. There are

several areas which are worthy of further investigation in the spectral

system, which are:

I. For a realistic vehicle determine the required identification accuracy

and quantitatively determine system performance versus identification

accuracy.

2. There are several changes in the identification system which could

improve the identification accmracy. The major change would be

to remove the integration from the identifiers by assuming the

spectral i_put signal is an integrator output. This should increase

the accuracy of identification at the higher bending modes. The
ZAw

second major change is a modification of the Formula A_ which is

used to determine the frequency from the measured spectral amplitudes.

The formula is modified by adding pre-computed weighting constants

to the w's.

3. Combine Item i and 2 to determine the least complex identification

system capable of obtaining the required accuracy. This step is

necessary to reduce the required computer size.

h. Each bending mode of a flexible vehicle operates in two ways. The

first is a high frequency oscillation which is removed by the

spectral identification system with its notch filters. The second

is a low frequency "steady state" bend which does not present a

stability problem in itself but is the contribution to bending

coupling into the short period. This is the reason that the short period

frequency is difficult to increase in a very flexible vehicle.

Consideration should be given toward implementing a differential
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_o

rate gyr% a differential gyro or a strain gage sensor to measure

this "steady state" bend and feed it into the control system in a

manner to reduce the "steady state" bending. If this is done the

vehicle could be operated at a higher short period frequency, which

will result in better trajectory fo!]ov_ing and lower loads.

The study of the active control system shows that the potential to

cont_l the bending and the attitude of the vehicle using the single

nozzle force point exists. By using a differential rate gyro and

assuming constant dynamics, any desirable control on the ber,ding can

be obtained _ith a mi1_imum compensation roquirement. An adaptive

system can possibly be generated which can control the bending compensation.

Extending the study of either the adaptive system or the determination

of a fixed compensation giving the desired control throughout the trajectory

for nominal and off nominal vehicle conditions would appear a worthwhile

endeavor,
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Vehicle Reference Systems
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Figure I. Model Vehicle No. 2
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Figure Ii0. Circuit for Generating In-Phase and QuadraLure Reference
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SECTION 6.0

APPENDIX

6.1 SPECT_.L ID}L'fTIFIC_.TION SYST_4

A periodic function of tir._e, f(t), of periodicity Z seconds can

be written as a Fourier Series sum of sine and cosine functions I by the

formula

f(t) = _ A sin (_)+ _ B cos (_) A-I
n=O n n= 0 n

I

d

where

n = _ f(t) sin ( ) at
O

A-2

Bn = _2Z_ f(t) cos (_) dt A-3
O

If the function f(t) is non-peIiodic then it cannot be represented by a

su_mlation of periodic frequencies but contains components st ail freq1_encies.

A and B are the sine and cosine discrete frequency amoiitudes for the
n n

periodic case and become continuous Cunctions of frequency, m, for the

non-periodic case. These functions are

2 o°A(w) =W sin (wt) f(t) dt A-4

2 (wt) f(t) dt-- cos A-5

The function f(t) can then be expressed as

Io

J_

Morse, Philip M., and Feshback, Hero,an: "Vethods of Theoretical Physics",

Vol. I, pp. l_h-_g_, McGraw-Hill, New York, 1953.
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Sf(t) : f A(m) sin (rot) dm + B(w) cos (wt) d_ A-6
o o

A(_) and B(w) thus represent the sine and cosine a_litudes of f(t)

at the frequency w and the total squared amplitude at the frequency is

A 2(_) + B2(®).

The theory behind the generation of the spectral filter output is

to dete_ine an approximate squared amplitude at a frequeney_ _oj for a

time s_ice of a sensor output. A time slice of the sensor output is used

because the ourpose of the spectral filters is their use in a system to

identify frequencies which change in time; thereforej a time s_ice is

taken which is long enough to include several periods of _ but shor_
O

enough so that the frequency to be determined does not ch_inge significantly.

Fig_are A-! shows a typical differential rate gyro out_ut snd the time

slice used to generate a spectral filter output for _ . p is one-half
O

period of _ . the dashed line represents the time slice of the inpu_
O

Amplitude

time slice II 2pn seconds

!

!

I

\

Figure A-I. Typical Spectral Filter Input Time Slice
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function which is defined as f(t). Thus f(t) has a value between t
o

and 2pn + t and is zero ever_a;here else. Equations A-h and A-5 then
O

become

t + 2pn

2 j_ o= sin (wt) f(t) dt
A(_) W t

O

A-7

and

t + 2pn

= cos (wt) f(t) dt A-8
_(_) _ t

o

Since the spectral filter evaluates A(u0 and B('_) at only the frequency

point _o' w can be substituted into Dquations A-8 and A-9.o

Solutions For A(_o) and B(_ o) will be developed in a digital computer

at a rapid sampling rate. The sin (_o t) and cos (Wet) are costly to form

in a digital computer if they are required at a fast rate. In evaluating

the sin (_o t) and cos (_o t) either the series expansion for sine and cosine

must be evaluated or a difference equation solution must be used to

propagate the functions. The fastest way is to use a difference equ_tion

solution since w and the s,wapl_ng rate is fixed for each spectral filter.
o

To do this requires four _raltiplicstions and two additions to propagate

the sine-cosine pair a single increment in time. The sampling rate

required for Nodel Vehicle IY at which the sine-cosine propagation would

have to be conducted is .O]. seconds. The total number of spectral filters

required is 2J4. If a flight computer were used with computational speed

capabilities equivalent to the IBM 709_, .002 seconds of computation time

would be required to propagaLe the sine-cosine pairs for all 21j spectral

filters. This amounts to 20% of the available comoutation time.

" If instead of using a sine and cosine 2unction a square wave function

of the same frequency is used a fair approximation of Equation A-7 and

A-8 is _intained at a significant reduction in computational complexity.
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A square wave can be propagated by testing for the t_me when it changes

from +l to -I and -I to +I. Thus, the 2_multiplications and 2 additions

are e-[i;ninated from the requirements. In addition to bhis if sine and

cosine waves are used they _ast be multiplied by f(t) before the

integration is made. With square waves of amplitude + I a multiplication

is not required, but only a change in sign of the integrztion as the

square wave changes sign. Thus, we will define two kermal functions

sqs (wt) = s_in mt

Isin mtI A-9

and

sqc (rot)- cos wt
Icos wtl

A-!O

S_nat is sqs (wt) is a square wave in phase with the sin (wt) and sqc (wt)

a square wave in ohase with the cos ('_t).

A(_ao) and B('_o) became

t + 2pn

A(%) = _
t

o

t

2i_ °B(wo) = _
t

0

sqs (%t) f(t) dt

+ 2pn

sqc (wot) f(t) dt

Using these kernai functions

A-f1

A-12

The Fourier Series of sqs (mot) is

2 (sin w t - 1 I
sqs (Wot) = W o j sin 3 _ot + _ sin 5 Wot + ...) A-13

Compaling the values of A(Wo) developed from F_uation A-ll and A(mo)

deve]_oped by Equation A-7 by substituting A-].3 into A-If we find

A(%) : _ A(%) - _ r-_
A-If A-7 A-7 A-7

A-]h

2hi



This shows that when square wave kernals are used the mmplitude of the

frequency component at w is found but distorted by bhe mai)l[tude
o °

components at ]tu j _ _ 7w j etc. These higher frequnncy components are

o . io I °l .
doom b_ a factor ol _, _, 7' eLc. Another way of vie_,.ing this is that

Equation A-7 dehermines the magnitude of the sin (Wot) component in

f(t) while Ec_letion A-II determines the magnitude of the sqs (Wot)

component in f(t).

Tn the application of the spectr_l filters the time slice is so

chosen so that t0 always occurs when the sqs (Wot) changes sign. In

computing the frequency resoonse of A(_o) and B(Wo) a test input of

f(t) = sin (_t + _) is used and in this deveiop_Tent tO can be set equal

to zero with no loss in genera]2ty. If this is done then Equation A-If

can be rewritten as a sum of shorter integration times as

2p o (2n-l)p

and Equation A-12 becomes

f(t) dt1

A-iS

B(_°) = U o f(t)dt - Op/2f(t)dt + U3p/2 f(t)dt - "'" 0(2 n _ I); (t)dt

A-16

If we define

A 2  (i+i)p/2X. = - f(t)dt

l " d ip/2

A-17

then Equation A-15 becomes

A(mo) = X O + X 1 - X2 - X3 + Xh + X5 - ... - Xlm_l
A-18

2h2



and Equation A-16 becomes

B(w o) = X0 - X1 - X 2 + X3 + X h - ... + Xhn_l A-19

A frequency response is obtained by letting f(t) equal sin (_t + _).

Therefore, for a frequency response Equation A-17 becomes

2 (i+1>p(2
Xi = 5 Jip/2 s!n (_t + _) dt A-20

Ynking the substitution

then

y + wt + @ A-21

= -- sin y dy A-22

Xi wn i'____pp+
2

making the substitutions of

p -- __

o

and using the normalized frequency

r -- --
to

o

then

(i+l)_r +
! f 2

X. --J sin y dy

-_-+_

performing the integration yields

xi = _2 [cos(_ + _) - cos(i__r2+
mr

T +¢)]

A-23

A-2h

A-25

A-26

2h3



simplifying

X.I w--_hsin _nr (inr= sin + + _)
" 2

The integration for sqs and sqc kernals, respectively, performed over

1/2 period v_ith i = O, 2, h, 6, etc. is

i/2
s. --(-I)
l

h sin _r {uol--_ _ sin [ (i + 1 TIp _ llr"_)T + _] + sin [(i + ) T

A-27

A-28

and

i/2 _r { 1 _rCI. = (-I) wl--_4sin _- sin [(i + _] _- }+ _] - sin [(i + ) -_- + _]

A-29

simplifying by trig identities gives

i/2 _r _r
Si (-I) 4 sin sin [ (i+l) + _]: _'-_" T T

and " <

i/2 8 2 _r _r
C. = - (-I) -- sin cos [(i+l) + _]

A-30

A-31

th
The frequency response of a normal n

by

order filter is then deterTmined

S 0 + S2 + Sh + ... Shn_2 and CO + C2 + Ch + ... + Clm_2

giving
2n-I

h _r

S = _ sin _-
i=O

and

2n-I

C - 8 sin 2 _ E
WT_ i=O

(-I) i sin [(2i+I) TrrT +_]

17r
(-1)i co_ [(2i÷l)7- + #]

A-32

A-33

2hh



_4aking the substitution

1]
A-31_

then F_uation A-33 is

8 2 mr 2n-I

C = _ sin _-
i=O

(-I) i S]n [(2i+I) _- + _'] A-35

Thus, the problem is one of evaluating the series

A-36

Regrouping the series

Evaluating each term in the brackets { ] by trig identities gives

A-37

1]r+ _]

A-38

lit-

multiplying and di_iding the series by cos -_- and using the identity

2sin x cosy = sin (x+y) + sin (x-y) yields

V _. -COS [nwr + _ [sin (n_r) + sin (n-l) 1]r - sin (n-l) wr - sin (n-2) 1]r

ur

COS

+ ... + (-I) n sin _r + (-I) n sin] A-39



I

simplifying

V

cos [n_r * _] sin (n_r)
A-hO

therefore

-h
S -

W_

8
C .

8

_r

sin_- sin (nnr) cos (n_r +

sin 2 _r _'-_- sin (n_r) cos (nwr + )

rfr

COS _-

2 -r

sin _- sin (nwr) sin (nnr + _)

A-hl

A-h2

The output amplitude is computed by S 2 + C2 which can be represented by

D = Fl(r) cos 2 (n_r + _) + F2(r) sin 2 (n_r + _) A-h3

where Fl(r) and F2(r ) can be deter,_ined from inspection of Equations

A-hl and A-h2. To determine the bounds on the mnplitude response maximum

and minimum values of Equation A-h3 must be found with respect to _.

This occurs when

_D

= 2 [F2(r ) - Fl(r )] sin (n_r + _ cos (nUt + _) = O
A-hh

Solving A-hh for _ yields

= -nrrr or_ - nrrr A-h_

2h6



This shows that maxi_mm and minimum a._plitude response curves are
YT

determined by squaring A-lal and A-)42 _rith _ = -nr_r and _ - nr_r, respectively.

To no_aaiize A-hi and A-_2 to an amplitude of I at r=! (i.e.j the tuned

O

frequency) equation A-hi must be multiplied by-_---_ and equation A-_I2 by
rl_

o

_ generating boundary equations for frequency response amplitudes of

sin 2 _r 2
T sin (nrrr)

D = A-h6

11n2r2 c°s 2 _r
2

and
sin _ Mr 2

_- sin (n_r)

O = A-h7
2 wr

hn2r 2 cos
2

Equations A-I_6 and A-h7 describe what has been named a standard spectral
I

filter. A plot of the value of D in db vs. normalized frequency, r, is

shown in Figure A-2 for n = %. The filter peaks at the tuned frequency

(r=l). There are also peaks at the odd harmonic frequencies (r--3, %, 7, etc).

This is caused by the square wave kernal which is composed of these

same harmonics.

It was _iscovered that the spectral filter mmplitude response was

improved if S and C were formed by

S = SO + 2 (S2 + S[i + ,.. + Slm_h ) + S)_n_2 A-h8

C = C0 + 2 (C2 + Ch + ... + C_in_h) + Chn_2 A-h9

The equations representing the max_mltm and minimum limits on D can

be developed for this system in the same manner as was done for the

standard filter.
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The result being:

nr 2
sinh T cos

D --

2 2 nr
''t2n-1) 2 r cos

and

sin 2 nr _ 2T (I - cos )

(2n-i)2 2 2 nr
r COS _-

2 nr
cos (2n-l) T

A-50

A-51

The value of .D computed from A-50 and A-51 is given in Figure 1 for n=5.

In comparing this with Figure A-I it can be seen that the major peaks are

unchanged, however _ith the modified filter the minor peaks between the odd

harmonics and below the tuned frequency are improved.

The " _dlf_erence in mechanization _¢ithin a digital computer is

insignificant bet,:._eenthe standard and mo<Lified filter form. It is possible

in either form to obtain a spectral filter output at any desired time

interval. T_e speed _rith which soectral filter outputs are desired is

most dependent upon the starting process. If initially the bending mode

frequencies are unknown by a large percentage, the control system will cause

unstable bending at launch time. The identification must be rapid enough

that bending amplitudes do not diverge far enough while initially unstable

to exceed vehicle loads. %£aen the filters are initially started, at least
1

period of the kernal wave form must elapse before any useful information

is generated by the filters.

For this reason it was decided that an output for each spectral
1

filter would be generated every _ period of kernal frequency. F_ach spectral

filter output was generated by a program vrith a block diagram as sho:¢n in

1
Figure A-3. Mn is the number of ssmpling times in _ period. X and Y

contain the partial integration values for the spectral Filters. They are



INITLLLIZE 1 X =0
n

Y =0
n

I =M
X n

Iy = M_

F = +I
X

F = +l
Y

xn= Xn_I- _(t) X =Xt n n-I

I iFy ?i ---+_, 1
I

MAIN

+ f(t)

' Yn : Yn-I- f(t) Yn : Yn-i + f(t)

I =M
y n

F =-F
Y Y

_0

I =M
X n

F =-P
X X

S =X
n

X =0

C =Y
n

Y =0

=S +S
Pn n n-i

= +
_ Cn Cn_ 1

U = Pn+P + ... +Pn-i n-8

V = Qn + Qn-1 + "'" +%-8

D =U2+V 2

Figure A-3. Spectral Filter Progra]n Block Diagram
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allowed to integrate for 1/2 period and then reset to zero. F and
x

F specify the instantaneous sign of the sine and cosine kez_nals
Y

respectively and I and I are counter values used to determine when the
x y

ker_al changes sign. 1,fnen a full half period has been processed the

value of X and Y are stored away. A fuil period value For each kernal

integrator is generated in _ and Q by sunning the present and past half

period integrator outputs then stored in S and C. U and V are the outputs

of the modified 5th order sine and cosine integrators and are formed by

sur_ning the present and past values of P and Q. The total spectral filter

output, D, is obtained by forming U 2 + V 2. Defore D is 1_sed, it is

multiplied by a normalizing constant. The value of the normalizing

constant changes during the starting operation reaching a constant value
1 2

of (i--_M) for each spectral filter during the major portion of the flight.

With each hail period of the kernal the nom lalizing constant has a new

value. These values are given in terms of M for each half period of the
n

kerna! in Tabi@ A-I.

Half Period Non_alizing Factor

l (l/M)2

2 (1A

3 (!/6 Mn )2

4 (l/8 %)2

5 (!/].o

6 (I/12 Mn)2

7 (!/lh Mn)2

8 (1/16

9 or more (1/18 Mn)2

Table A-I. Values of the Normalizing Factor

at each Half Period



M must be an even integer when determining thetuned frequency of each
n

spectral filter. This requirement exists because each computer

computation occurs at a sampling time and the sqc kernal changes sign

at Mn/2 sampling times after the sqs kernal changes sign, Mn/2 must be

a whole value integer. If _'_ is odd the sqc and sqs kernals _II not
II n

have a _ tad phase shift between them. 'I]_eeffect will be greater at
11

high frequencies _th the error from_ radians being _/2N radians.n

The range of bending frequencies For the nominal vehicle is 2.1_

r adians/sec (the first bending mode at t=O sec) to 1i.7 redians/sec (the

third bending mode at t=157 see). l]ne spectral filters were placed over

the band of frequencies ranging from 1.51 radians/sec to ilj.28 radians/sec.

This band can easily be extended by adding more spectral filters. A

separation between spectral filters of approximately IO]_ was maintained.

_]is does not mean ho_;ever, that identification of bending frequencies is

limited to 10%. Further processing on the soectral filter output improves

this accuracy to _.dthin I or 2_ if the mode is at all excited.

The integration required by the spectral filters is performed in the

computer using rectangular integr_tion, if it is desirable to perform the

integration of

y(T) = f(t) dt A-52

O

_thin a digital computer by means of rectangular integration then the

algorithm

y(T) = T _ f(iT) A-53
i=O

is solved where T is the sampling rate. f(iT) has values only at the

sampling times. It is possible to detcrmine a function g(t) such that

g(t) dt = T E f(iT) A-Sh

o i=O
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Figure A-4 shows f(t) a sine wave and the resultant g(t). The difference

between g(t) and f(t) is an indication of the quality obtained using

rectangular integration. The difference is less for higher sampling

rates. Trajectory runs indicated that _he third bending mode was not as

accurately identified as the first and second modes. This was interpreted

as being partially due to the s_piing effects. A method exists for

eliminating the effects of sampling. In order to explain this method

the reasons for the choice of input to the spectral filters mmst be

considered.

The input to the spectral filters was obtained by mounting two rate

gyr_oa--one at the instrument unit and one at the first-second interstage

region. The outputs of these two rate gyros were subtracted to obtain

the spectral filter input signal. The output of a rate gyro at a body

station XI is given by

where _ is the rigid body pitch rate, _1' _ end _. the time rate of

change of the normalized deflections for th2e I st, _nd and 3rd bending

modes respectively, and Yl' (X1)' Y2' (X].) and Y3' (Xl) the local bending

slopes for the Ist, 2nd, and 3rd bending modes, resepetively. By _btracting

the outputs of two rate gyros at different locations the rigid body _ term

is removed and a signal is obtained which contains only bending infor_a_tion.

This signal was chosen as an input to the specgrai filters because it

contains no rigid body information to distort the identification accuracy.

P_ate gyros were chosen not to obtain a signal composed of _ rather than

and/or 9, but because they are standard instruments throughout the industry

and a simple inexpensive instrument.

This signal _ill be called A_(t) and is a function of _I' 712 and _3

with an output defined by

A_(t) = YI'(A_) _I + Y2 '(A_) _2 + Y3'(A_) _3 A-56



gCt)

f _ i J

f(t)

Figure A 4. The Effects of Sampling a Sine _ave
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There is no reason to believe that equivalent operation wou].d not be

achieved if angu]ar acceierometers mounted at the sa_e loc:_tion rather

than rate gyros were used. If this were done the spectral filter input

sigu_al would be dA_Lt)-o_'" An integration without sampling effects over one
dt

period of an sqs kernal as required by the spectral filters would then be

2p dA_(t)S = sqs (Wot) dt "
O

A-57

The integral can be broken up into two parts by evaluating sqs (Wot) and

be comes

S = It - It "
o p

Perfo_[ing the indicated integrations yields

s --- AI(O)+ 2Ai(p)_ A_(2p) A-59

If the process is repeated for C then

c --- + @)- + . -6o

is obtained. S and C could be formed by sampling A_(t) at t=O, p/2,

p, 3p/2, and 2p and performing the calculations intricated by A-_9 and A-60.

A_(t) is the output of the difference in two rate gyros therefore a

spectral filter output using perfect integrators and an input fo_med from

the difference in two an_1!ar acceierometer signals can be obtained vKthout

integration by using the difference in two rate gyros.

The actual mechanization of this method was not done because its

discovery was made late in the study and at the time adequate identificntion

was being achieved using the rectangular integration algorithm. Using

this method should increase identification accuracy or under the same

accuracy requirements a reduction in the number of spectral filters required

could be _de.
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Table A-2 are spectral filter parameters used in the study plus a

typical spectral filter output set. "n" is an integer associated _th

each spectral filter. M the number of sampling times at the .Oi second
n

iteration rate in half a period of the tuned frequency for each spectral

filter. _ is the soectral filter tuned frequency which can be computed
n

from

w = _'/.01 M . A-61
n n

D is a typical set of spectral filter output values. R are the resolution

values for each spectral filter. Peaks _,dil be rejected if they have a

magnitude less than the resolution value, migure A-5 is a plot of D

(the spectral filter output amplitudes) vs. n (the integer associated

with each filter). The resolution values are plotted with dashed lines.

In this case all of the peaks are above the resolution level thus none

are rejected for this reason. At first glance there appear to be 6 peaks

located at values of n of 2, 7, 12, 16, 20 and 22. Of these the peak at

n = 22 is not legitimate because there are not two values on each side of

it less than the peak value. The peak at n = 2 is legitimate since it

is handled as a special case. The three largest peaks are located at n

values of 7, 12, and 20. It is these three peaks which are identified as

defining the three bending frequencies. The spectral filter output in

migure A-5 were generated in an actual trajecto17 simulation and were

taken from a point 59 seconds into the trajectory. The actual open loop

bending frequencies at this time are 2.3, 5.h375 and 8.91875 rsdians per

second for the Ist_ 2nd and 3rd bending modes, respectively. From

Table A-2 the frequencies associated with n values of 20, 12, and 7 are

2.28, 5.2h and 8.73 radians/second. The identified frequency is not taken

directly as the frequency associated with the peak but is computed by the

formula

An_ 1 Wn_ 1 + A w +n n An+l Wn+l A-62

WF I = A + A + A
n-I n n+l
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n m m D x 109 R x 109
n n

1 22 1_.28 .10 .1

2 2h 13.09 .81 .I

3 26 12.083 .59 .1

h 28 11.22 .26 .I

5 30 10.I_72 .h5 .I

6 32 9.81 2.99 .I

7 36 8.73 ]1.13 .I

8 40 7.85 5.26 .I

9 hh 7.14 .73 .1

I0 48 6.54 5.07 .136

11 54 5.82 62._7 .18

12 60 5.24 111.02 .28

13 66 h.76 32.61 .36

72 2.25 2.26 .52

15 82 3.83 3.79 .7

16 92 3.21 6.79 1.0

17 I00 3•12 I.04 I.3

18 112 2.8 2.78 1.72

19 122 2.53 32.62 2.3

20 138 2.28 21.69 3.1

21 154 2.04 6.92 2.2

22 170 1.85 8.22 5.6

23 188 1.67 2.35 7.6

24 208 I. 51 11.02 I0.

Table A-2. Spectr_l Filber Par&meters
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for the second bending mode with n = 12 this becomes

All Wll + AI2 w12 + AI3 w13
w_ = A-63

"2 All + AI2 + AI3

which from Table A-2 is

6),.27 x 5.82 + 111.02 x 5.22 + 32.61 x _.76

UaF2 = 6h.h7 + iil.O2 + 32.61 = 5.3/a2 _-6h

Equivalent calculations for the first and third bending modes yield

WFl = 2.36h and WF3 = 8.658. The identification accuracy for this one

.st 2nd, 3rdpoint in time is 2.8%, 1.75% and 2.93% for the ± , and bending

mode, respectively.

The identified frequencies are then filtered so that large temporary

transients in the identified frequency are reduced. There are many facbors

which conLribute to the identiricntion accuracy. The two major factors

are the excitation of the bending modes and the existence of external

noise inputs to the system which contain a large amount of some frequency

which could be identified as bending. Because the bending modes are more

accurately identified when they are highly excited and poorly identified

when the excitation is low a well operating system will exhibit poor

idenhifications since a well oper;_ting system will have the bending modes

well damped.
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6.2 BASIC DISOISSION OF DIGITAL CONTROL SYSTF_._S

A single axis booster control syste_n for _'ode! Vehicle II consists

of a set of control sensors, a computer and a nozzle control servo. In

most designs the sensors _iI consist of an attitude sensor (either a gyro

or gimbal angles read off of the stable platflo_m) and an attitude rate g_vro.

In a "standard" control system the computer ,trili consist of active and

passive analog circuits. The computations performed by the analog system

can also be accomplished by a digital computer. In a comolex system a

digital computer offers advantages in weight, power, reliability, flexibility

and self checking capabilities. In designing a digital control system

certain basic properties of a digital computer r_st be considered.

A digital computer does arithmetical computations in a step by step

procedure. In adding three numbers A_ B and C the computer does not

miraculously produce the sum of the three numbers but, methodically using

an aritbletical register called the accur,n_iator, will go through a

sequence of steps called cormnands which for the exmmp!e would be

Put A in the accunmiator

Add B to the accumulator

Add C to the accumulator

At this time the sum would be in the accumulator. Each step takes a finite

amount of time to execute _hich is determined by the type of hardware and

the way it is interconnected in constructing the computer.

The computer will have a memory which in the example above _riil contain

the numbers A, B and C called data _{ords pi1_s codes for the Come,ands of

"Put A in the accumulator, Add B to the accurmiator_ and Add C to the

accumulator." In most corloute_'s a conmand occupies the same ar_ount of

memory as a data word, which is designated a unit of memory called a "word".

In general_ any word in memory can conlain either data or command at the

option of the programmer. The computer has no way in designating between

data and co,r ands but is told to pick up its first command at a particular

spot in memol 7 and then processes commands in sequence from that point.
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A digital computer is most effeeLive when it can process

repetitively the same set of commands. 1,_en used as a flight control

computer this repetitive operation is always used. As an example the

simplest possible ccntrol system will be considered which has a control

equation of

_c : KI _I + K2 _I B-I

The command sequence within the computer would be

Put the present value of _I in the accumulator

Vuitiply the contents of the accumulator by K1

Store the contents of the accumulator in D

Put the present value of _T in the accumulator

_Itiply the contents of the accumulator by K2

Add D to the accumulator

Output the accumulator as a voltage to the nozzle servo

Take the next command from the stsrt of the sequence

With the computer control returned to the start of the sequence the

sequence will be repeated until the computer is stopped from external

source. The total sequence will take a time T seconds to execute and for

a digital control system this is defined as the sampling time. The voltage

to the nozzle servos will be held at its co_anded value unLii the computer

executes another outont command. Therefore _ is a series of steps T
C

seconds in duration.

The transfer function in l_p!ace operator notation of the vehicle

dynardcs from nozzle co_nand (Bc) to instrument output can be written as

(s) (s)
_--_7 = n B-2
i

S + a.

i=l 1

where a. can be real, complex or zero. This transfer function can be
1

converted to partial fraction notation to have the form
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_I (s) n bi
=

i=l s +a"I

where b. is computed for non-rn_itiple roots from
J

(s+aj) P(s)
b. = lira n B-h
S s_-a.

J _ s+a i
i=l

Since Laoiace transforms are commutative then _i(t) is determined by

_l(t) = _ S I bi _c(S) _-5

i:l s +a.
l

If by definition we make

-1 b._ 13c(S)

z. (t) A= _ _-6
i S + a.

1

n

_i(t) = E Yi(t) B-7
i=l

then

The differential equation represented by Fquation B-6 is

dY.(t)
i

+ a. Y.(t) = b _ (t)
dt l l i c

_c(t) is a series of step inputs each of T seconds in duration.

t = 0 one of these steps is _nitiated with a magnitude of
C

representation of Equation B-8 becomes

b. 8 Y. (0 +)
_,,V.Cs_ = 1 c + 1

1
s(s + ai) s + ai

The inverse Laplace transformation of Equation B-9 is then:
b. _ -a.T -a.T

Y.(t) = I c (l-e i )+ e I y.(o +)
I a. I

I

B-8

If at

then the Laplace

B-9

B-IO
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Equation P-!O can be evaluated at t=T which is the time the next

is applied to the nozzle servo giving

step
C

b. 8 -a.T -a.T

Yi(T ) = l c (l-e i )+ e l Yi(O +) B-If
a.
1

The only criteria used for selecting the time t = O w_s thst a _ step
C

was initiated at this time, therefore a forv_ula which is good at any time

the step in _ is being initiated (i.e.j at the sampling times) is, from
C

Equation B-If,

bi -a. T -aiT
=- (t+T) + e Y.(t) B-12Yi (t+T) a. (l-e z ) _c l

l

Naking the definitions

-a. T
A l

ci=e B-13

and

d. Ab" -a.T=__i (l_e 1 )
1 ai

then Equation B-12 becomes

B-Ih

Yi (t+T) = di _c (t+T) + ci Zi(t)

The Laplace transform of Equation B-I_ is

B-15

sT
e Yi(s) : d. esT B (s) + C. Y.(s)

1 C 1 l

Sol_d.ng for the transfer function Yi(s)/_c(S) yields

sT
Yi(s) d.l e

_}" = eS T _ c i

sT
Making the substitution gives z = e

-16

B-17

B-18

Y.(_) d. z
1 1

B-19
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?rom Equation B-7 then

_i(z) n d. z

i=l z-c" I

B-20

z is an operator in the same sense that s is an operator _¢ith the two
sT

inter-related by z = e . It becomes more convenient in anai2-zing the

stability of a digital control system to work in terms of z rathcr than s.

Equation B-18 gives a one to one transformation for every value of s to a

value of z. A standard stability analysis method is root locus. In this

technique the system closed loop denomination roots are plotted in a plane

determined by the real and imaginary part of s. This cnn also be done by

plotting the real and imaginary part of z. In the first case using s, the

plane in which the roots are plotted is called the s-plane and in the latter

case the z-plane. Instead of transforming roots from the z-plane to the

s-plane to deterTnine if they are within the stable region the stability

boundary of the s-plane is transoosed to the z-plane so that stability can

be interpreted in the z-plane. The stability boundary in the s-plane

ejwTis s = jw, therefore, in the z-plane it is z = which is a circle

with unit radius centered at the z-plane origin. The region inside

the unit circle is the stable region and the region external to the unit

circle the unstable region.

Another stability analysis method is to evaluate the open loop

transfer function at the complex frequency s = jw. Thus, z is evaluated

ejwTat z = = cos wT + j sin wT.

Lead and lag compensation networks can be mechanized within the

dihita! computer by considering the way in which an integrator and a

differentiator would be approximated in a digital computer.

If in a digital computer there are stored values of x(t) at equal

time intervals, i.e., X(O), X(T), X(2T), X(3T), etc., and the value of

y(T) = x(t) dt B-21

2S4



is desired, then y(T) can be approximated by

y(_) -- Z x(iT) • T
i=O

P-22

Figure B-I shows x(t) plotted vs. time. Equation B-21 is the area under

this curve from t = O, to t = _. In Pig_re P-I is also another curve

generated from the x(t) curve in a manner m_ch that the second curve

always has values of x(iT) from t = iT to t = (i+l)T. Equation B-22,

X

0

i

T 2T 3T _T 5T 6T 7T t

I,Xgure B-i. Relationship Between Exact and Digital Integration
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the digital computer approximation of the integral, is the area under

this second curve from t = 0 to t = T if T is evenly divisible by T.

Obviously the shorter the time duration T is, the more closely the

approximation betwcen F_uation _-22 and B-21. To propagate the integration

from T to • + T the addition of Tx(T+T) must be made to Equation B-22 thus,

y(T+T) = Z x(iT) • T + x (_+T) • T B-23
i=O

Subtracting Equation B-22 yields

y(_+T) - y(_) = T x (T+T) B-2h

Taking the Laplace transformation of Equation B-24 yields

(eST-l) y(s) = T e sT x(s)

sT
,_aking the substitution z = e

y(z)/x(z) = T___zz
z-I

and solving for y/x yields

_-25

B-26

which is the z transform of an integrator (rectangular) mechanized on a

digital comouter. Equation B-2h can be rewritten

y(_+T) = y(_) + T x (T+T) B-27

which again is the formula for a digitally mechanized integrator.

Equation B-i9 is the z transform of bi/s+ai_ a lag function. Equation B-19

in terms of an input function x and an outout function y becomes

y(z) diz- B-28
z-C.

1

_[aking the substitution esT = z to transform F_quation B-28 to the s-plane

yields
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y(s) (e sT sT- c.) = d. x(s) e B-29
1 1

Rearranging and taking the inverse Laplace transformation yields

y(T+T) = Ci y(T) + d.i x (T+T) P-30

This is the form off a digital mecha_Ized lag compensation. Comp_ring this

with Equation B-27 shows the difference between a digitsi integrator and

Isg to be only in the value of the coefficients of y(_) and x (_+T).

Differentiation is the process of generating the slope of a function.

This is easily seen to be

y(_+T) = [x(T+T) - x (_)]/T B-31

which has a z trsnsflorm of

z-l. B-32= T--7

which as would be expected is the inverse of the integration formula.

In like mnnner a lead compensation network is the inverse of a lag network

and thus should have time domain equations of

c
1

= _. x(T+T) - i X(T) B-33y(T+T)

I i

and a z transform of

ZmC,

i B-3hyA =
i

I+W

A further transfomuation which is convenient to use is z = TI_-W'

The W-plane stability boundary is identical to the s-plane stability

boundar_ i.e._ the left half plane is _he stable region. In the W plane

all frequencies are ficticious in that the s plane frequency w is trans-
wT

formed to the W plane frequency • by 9 = tan -_-. This plane is convenient

because compensation networks designed in the W plane using the ficticious

frequency • using conventional s plane expressions _i].! have fairly similar

characteristics at the ti_ue frequency 'w as would be expected by the s

plane formulas.
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The ?Z-planecompensation networks can then be easily transformed to the
Z-I

z plane by W = _-_.
As an examDleof this a notch filter in the s-plane could be designed

by
Wd2 s2 + 2 _n Wns + Wn2

G(s): --
2 2 2

w S + 2 _d Wd s + m dn

B-35

This will be a notch filter at the frequency w if _n << _d or _ is muchn n

different than w d. The notch filter has adc gain of 1. Equivalently

a notch filter in the W plane will have the transformation

_d 2 W 2 + 2 _n _n W + _n2

G(W) : _ W2
w + 2 _d _d W + _d _-
n

B-36

If _ << __ or • is much different than _ Equation B-36 _.._i]lbe a notch
n a n u _%t

filter at the frequency wn such that % = tan --[-. Transforming Equation

B-36 to the z plane yields

2
_d

D(z) : --_

n

2 - + 2 z (_n 2 - I)+(1-2 _nWn + _n 2)z (1+2 _nWn + _n2)

z2 (1+2 _n[Dd + _d 2) + 2 z (_d 2 - 1)+(1-2 {d_d + Wd 2)

B-37

At times it would be desirable to generate a notch zero _rithout having

to also include a pair of poles. This is, however, impossible. A notch

zero _5_thout poles would have a z transfer function of

Y/X : z2 + a z + b B-38

which in the time domain is

Y(t) = x(t+2T) + a x (t+T) = b x(t) B-39

In order to generate the output Y values of the input x must be known which

occur in the future which is obviously impossible. If a pair of poles are

added giving the z transfer function of
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2

y/x = Z + a z + b
2

Z + C Z + d

then the conversion to the time domain yields

y(t) = X(t) + a x(t-T) + bx (t-2T) - c Y (t-T) - dY (t-2T)

B-ho

_-hl

and the raost sdvanced value of x required occurs at the s_e time the

output is generated.
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6.3 EQUATIOIJS OF VOTION AND VFIU[CLE DATA

This section includes the basic equations of motion and pertinent

vehicle data used in the study.

E($1ATIOLTS OF NOTION

h'oment F_quation

-Czq A (Xog- Ccp)_ F(Xcg- _)

XX XX

+ F(Xcg- xE)
I ZY.' (_)_l i
xx i

m
s. s. F- X

+E J ._ "_ +Z
I s. ml

j xx 3 J xx

F

--- E Y. (X_) n.
Ixx i l l

m Z

sj sj

(Keg- x_) sE IE]I I
XX XX

(_- x)

mI
s% c-1

Forces ,ormai to Velocity

(F - X)_ F
=_

mv - T-_-?-B
0 0

F

+_ E y.' (X_) 9.mV _. l
o i

Bending Equation

_i + 2 _iWi_i + W.12_.I =

C
Z(I,

mV qA_'
O

S. S.

=Z --_ J
mV

j o

g sin (_- q)
+

- V
C-2

0

F Y'I (Z6) _ + SE Yi (_) + IE Yi (_)
2 m. m.

1 1

S • °o

- Z _ Yi (Xs) Z + F-X + y., (Xs ) Zsm. . S. m I . .
i. J 3 J J

X ZOt

+ X_ Yi (x)dX q__A _ C-3
N1.

1
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Slosh Equation

2
'_ + 2_ w _ + w
sj sj sj sj sj

Zsj --_ _ _ _sj

C qA
Z_

m

m
s.

m l 1 rl s.
J 3

c-4

_i F-X-Z Y. (Xs) + _ Y,' (X) _i
• m i Sji _ j

Sensor Equations

_i--_-zY., (x)_.
i l _I l

i l
I

Nz :

C _qA
Z

m _ (xc
g

) "_+ z y. (xN ) _i
- XNz i l z

-z -Fz.,(%) _m l 1 m s.
i i 3

Control Equation

c-5

c-6

c-?

c-8

Figure C-l, C-2, C-3 and C-h show the bending slopes at the rate

_ro location, bending slopes at attitude gyro locstion, differential slopes

for instruments located at 120.54 and h6.54 meters and bending frequencies

as a function of time respectively.
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Symbols

I
XX

C

X
C

g
X
C

P

q

Definition

pitch moment of inertia

no_al force coefficient

location of vehicle Cg

location of vehicle Cp

location of vehicle gimbal point

dynaui c pressure

Computer S)_bols

IXX

CZA

XCG

XCP

XB

q

A cross sectional reference area A

F total thrust F

XE

Yi' (%_)

Yi (X_)

S.
3

m
s.

3
X

loc_tion of nozzle cg

normalized bending slope at X_

Do_malizedbending displacement at

distance from vehicle cg to slosh mass cg

slosh mass

drag force

XE

YP1, YP2, YP3

X

SE

IE

m

first moment o.f s_¢ivel about gi_bal point

engine moment of inertia about gJ_ubal point

vehicle mass

SE

IE

M

V
0

vehicle velocity

6
i bending damping

No

l
bending frequency

Yi(Xs.) bending displacement at slosh mass cg
3

'(Xs ) bending slope at slosh mass cgYi
3

_x _Czx
_---_-Yi(X)dX no_naiized generalized force fimction

VO

Z

WI, W2, W]

ICZY-I, ICZY2, ICZY]
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Symbols

h
8

sj
W

sj

Yi'(x¢)

)Yi I

'(XNz)

Yi(XN)
z

xN
z

Definition

bending model mass

slosh damping

slosh frequency

ComDuter Symbols

_'.q., I.,2, M3

bending slope at gyro location GYRO SLOPES

bending slope at rate gyro location RATE GYRO

bending slope at normal accelerometer location

bending displacement at normal acceierometer location

location of N instrument
z

A list of the vehicle parameter values for each time point along the

trajectory is given in the numerical listing that follows. The values

are defined by the computer s)vnboi list. BR is the nozzle servo real root

location and BC is the nozzle servo complex root lock,Lion. The matrix

coefficients are directly related to the moment, nor_nal force and bending

equations. It _i]l be noted that the coefficients are arranged in a matrix

having 6 columns and _ major rows with each major row having three values.

The first value in each row is the s2 Laplace operator coefficient, the

second the s Laplace operator coefficient, and the third the constant

Laplace operator coefficient. The coiunns define coefficients of _j _j _I'

_2' _3 and -B. The major ro_s define coefficients derived from the moment

equation, the normal force equation, the first bending mode equation, the

second bending mode equation and the third bending mode equation.
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